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Abstract

Usable weldability data is desired in the manufacturing industry, especially within the aerospace industry
where fabrication of structural jet engine components are realized. Welding of precipitation hardening
superalloys such as Waspaloy®, Alloy 718, ATI° 718Plus™ and Haynes® 282° in particular can lead to
solidification cracking in the fusion zone, liquation cracking in the heat affected zone and/or to solid state
cracking. This concern requires some kind of weldability testing such as Varestraint testing to improve the
fundamental knowledge on how to prevent this type of cracks from occurring. It was found that the micro-
hardness for all four alloys is approximately 250HV in the weld metal while the parent metal differs more,
208HV for Haynes® 282°, 243HV for Alloy 718, 340HV for Waspaloy® and 384HV for ATI° 718Plus™. The
hardness in the HAZ reaches about 400HV for Waspaloy® and ATI° 718Plus™, while Alloy 718 and Haynes®
282°approach 250-350HV. The grain size is smallest for ATI° 718Plus™ (8.3 pm) and Alloy 718 (16pum)
followed by Haynes® 282° (64pum) and Waspaloy® (90um). Simulation using JMatPro suggested a larger
amount of y' in ATI® 718Plus™ compared to Alloy 718. In Haynes® 282°, the sigma-phase and MC levels
are higher compared with those in Waspaloy®, for which M,C¢ was found instead. Based on
measurements, system analyses and design of experiment it was concluded that the lowest variation in
evaluating weld cracking can be achieved with the method using penetrant combined with the use of one
operator. The welding speed affected the variation in weld cracking most followed by current, die mandrel
radius and the bending stroke rate. Testing parameters with lowest standard deviation/mean Total
Cracking Length (TCL)-values are here found for welding speed of 1Imm/s, weld current of 70A, die mandrel
radius of 60mm and bending stroke rate of 10mm/s. The compression strains in the lower part of the
specimen during the bending at Varestraint testing have no significant impact on the weld cracking. Based
on Varestraint testing of Alloy 718 and Waspaloy®, there was similar cracking response at 1.1% to 4.3%
augmented strain and if extrapolated downwards the critical strain from crack initiation approach zero.
Similar to Alloy 718 and Waspaloy®, it was also found that ATI® 718Plus™ and Haynes’ 282° both seemed
to have a level of critical augmented strain of around 1% while at the highest strain level of 8.6% Haynes’
282° showed somewhat higher susceptibility values. The lower susceptibility to hot cracking in ATI®
718Plus™ compared to Alloy 718 and Haynes® 282°is supposed to be associated with the smaller grain size
of ATI® 718Plus™ despite of its higher hardness. The HAZ liquation cracking in Haynes® 282® seems to be
connected to Ti-Mo based MC-type carbides.

Keywords: Weldability, Superalloys, Varestraint, Waspaloy®, Alloy 718, ATI° 718Plus™ and Haynes"® 282°
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Introduction

The invention of airplane began in the 16th centuries with the first serious attempt on research into
aerodynamics — the study of the forces operating on a solid body e.g. in a stream of air. Leonardo da
Vinci and Galileo Galilei in Italy, Christiaan Huygens in Netherlands and Isaac Newton in England all
contributed to an understanding of the relationship between resistance (drag) and e.g. surface area to
the stream and the density of a fluid. When it comes to the first flight the successful airship (159kg steam
engine 2.2kW, 44 meters hydrogen bag) by Henri Giffard of France in 1852 was flown at a speed of 10km
per hour to cover a distance of about 30km. The invention of the airplane is referred to the evening of
Sep. 18, 1901 when a 33-year-old businessman from Dayton, Ohio in United States of America,
addressed a distinguished group of Chicago engineers on the subject of “Some Aeronautical
Experiments” that he had conducted with his brother Orville Wright for the previous two years. He
pointed out three general classes of difficulties, namely sustaining wings, power generation and
balancing & steering. The first fully controllable and practical airplane (heavier-than-air craft) is therefore
considered to be Wright flyer of 1905, third powered airplane designed, built and flown by Willbur and
Orville Wright. It was powered by a four-cylinder engine (15-16kW) and the pilot lay prone on the lower
wing with a hand lever to directly control the vertical rudder at the rear of the craft. [1]

The word turbine has a Latin root, turbare, which means to stir up and was invented circa 1837 by
Professor Claude Burdin (1790-1873) to refer to water wheels converting hydraulic energy into useful
horsepower. A water turbine about 0.3 m in diameter developed by one of his students, Benoit
Fourneyron, produced 60 hp, which emphasize the of potential of turbines as an economically attractive
approach to higher power levels compared to the piston engines with practical-economical size limits.
The transition to gas turbines started in early 1941 during the world war two with the PT1 (Propeller
Turbine no. 1) free-piston compressor which principally is a supercharged two-stroke diesel cycle.
However, the traditional turbine look came with PT2 which started in 1945 and continued for fifteen
years [2].

The jet engine started off as a military engine and after about a quarter of a million of service-hours it
was offered as a commercial engine. This practice came from the piston engine era and continued up
through the introduction of turbofans when the design of military and commercial engines moved in
different directions, namely high speed aircrafts in the military and below Mach 1 for commercial
aviation. Also, the development of power output kept climbing for the commercial jet engines while the
military engines leveled off around 80 kN of thrust [2].

Specific fuel consumption (SFC) is a driving force for higher efficiency through increased turbine entry
temperature (TET) where materials and manufacturing development have led to higher performance in
the jet engine components. The turbine blade has changed to be internally cooled in early 1960s
followed by thermal barrier coatings in late 1990s. The material has gone from wrought material to
conventional cast in the mid-1950s over to directionally solidified cast alloys in 1970s followed by single
crystal cast alloys in the 1980s. The surrounding components have therefore been forced to follow the
increasing temperature trend. Today, in production of hot structural components, a fabrication strategy
is being utilized where combinations of wrought, cast and/or sheet material with their different

1



properties are joined together by welding into large structural components. This put demands into the
understanding of joining and welding processes when typically 60m of welds and segments are bonded
through specific thermo-cycles. Weld repairs may also be needed either because of interruptions or
defects related to service conditions [3].

The aim of this work has been to investigate weldability and testing methodology using already
established and also newly developed precipitation hardening Nickel- and Nickel-lIron-based superalloys.

The research objectives in this research have to been to:

e Investigate the robustness in terms of repeatability of the Varestraint test as an evaluation
method for weldability, with special emphasis on:
o Welding parameters
o Fixturing setup
e Investigate the hot cracking susceptibility in sheet form of Alloy 718, Haynes 282, ATI 718Plus
and Waspaloy with special emphasis on grain size and hardness

Scientific and industrial contribution

The published weldability data can be used and further elaborated on in order to improve models for
weld simulation where the risk for cracking can be determined. The Varestraint crack evaluation method
using fluorescent penetrant inspection for crack measurements can be a valuable procedure to utilize
since it lowers the risk of person-to-person interference.

It should also be emphasized that a more efficient production with less disturbances and repair work is
the main goal for the industry. This is reachable if severe weld defects like hot cracks could be avoided.



Superalloys

Generally, superalloys can be divided into four categories depending on the matrix element(s), namely
Iron-base, Nickel-lIron base, Nickel-base or Cobalt-base. These super-performing alloys at elevated
temperatures (above 0.6 T,,) with maintained strength in corrosive environment through fatigue cycling
are used in several different areas including the power generating and the aerospace industry. When
looking at the weldability point of view, four alloys [4-7] of interest are selected as follows. These are
Waspaloy® (early 1950°s), Alloy 718 (late 1950°s), ATI° 718Plus™(early 2000’s) and Haynes® 282°(mid
2000’s) with a service temperature of up to around ~750°C, ~650°C, ~700°C and ~800°C, respectively. These
alloys are all so-called precipitation strengthened superalloys and contain additions of Titanium,
Aluminum and/or Niobium that form strengthening precipitates with Nickel after appropriate heat
treatment. These precipitates are mostly coherent with the austenitic matrix causing substantial increase
in strength due to lattice strain effects [8].

Microstructural properties

The different phases found in superalloys besides the austenitic matrix range from larger trans- and
intergranular carbides via the strengthening precipitates to small complex borides. The interphase
between in particular the strengthening precipitates and the matrix determine the coherency and the
desired hardening effect.

Gamma matrix (y)

The wanted structure in the gamma matrix, y, is the most closely packed FCC (face centered cubic)
crystal structure. This structure means low diffusivity, possible phase stability from zero to melting point
and common enough to be economical. It is usually based on Nickel with high percentage of solution
hardening elements like Cobalt, Chromium, Molybdenum, Iron and Tungsten, to repel the overall
decreasing strength with increased temperature.

Gamma prime (y’)

This phase has also a FCC structure, which is ordered, coherent with the matrix and appears in
precipitates uniformly through the matrix. The nominal composition is Nis(Al,Ti) and other elements that
can participate in the precipitate include Niobium and Chromium. The y' phase contributes to the high
temperature strength and creep resistance of superalloys owing to the increasing yield strength with
temperature up to ~800°C. This effect is explained by ordering effects and relatively low mobility of so-
called super dislocations [3]. The low mismatch, usually less than one percent, leads to slow coarsening
rates of the precipitates [9].

Gamma double prime (y”’)

The gamma double prime, y”’, is coherent with matrix and have an ordered BCT (body centered
tetragonal) unit cell with the nominal composition of NisNb. Also, the phase is more stable than the y’
due to large mismatch. This fact can be used for significant strengthening, but with the limitation to
intermediate temperatures as for e.g. Alloy 718 where y”’ is precipitated besides some y’.



Delta (8) and Topologically Close-Packed (TCP) phases

The Delta phase, §, has an orthorhombic structure and has nominally the same composition as the y”
phase, NisNb. It is thermodynamically stable, incoherent with matrix and the contribution to strength is
therefore very small. The plate shaped precipitation usually occurs at grain boundaries were prevention
of grain growth is possible up to a point when the phase dissolves. The Topologically Close-Packed (TCP)
phases (Laves, o, 1) are undesirable, brittle and usually form during casting, heat treatments, welding or
long time service.

Carbides

The most common metal carbides found in nickel based superalloys prefer grain boundaries as
precipitation sites and are recognized as MC, M23Cs, and M¢C. The carbides can have different kind of
effect in the alloy, i.e. to inhibit grain growth, strengthen the alloy and also initiate fracture. The MC-type
carbides have a FCC crystal structure and forms typically at the end of solidification by eutectic-type
reactions with y matrix. These MC-carbides can often be replaced by M23Cs and MgC carbides during
thermal processing and/or during service. The latter carbides have a complex cubic structure and the
M>3Cs carbides are generally rich in Chromium and form in the range 760-980°C. The M¢C carbides form
in the range 815-980°C (Note Figure 11a) and usually form when the Mo and/or W content is greater
than 6-8 at% [9].

Grain boundaries

In Nickel base weld metal there are at least three types of boundaries or interfaces which can be
observed in light optical microscope after polishing and etching. The first type called Solidification
SubGrain Boundaries (SSGBs) represents the finest structure separating cells or dendrites with no or low
angle boundaries. Secondly, Solidification Grain Boundaries (SGBs) are found at intersection of packets
or groups of subgrains where high angle grain boundaries forms. Solidification cracking occurs almost
always along these high angle grain boundaries [10, 11] probably due to presence of low melting liquid
films. The third type called Migrated Grain Boundaries (MGBs) can in some situations form when the
crystallographic component migrates away from the compositional component during i.e. reheating or
multipass welding [9].

Minor elements

Boron, Carbon and Zirconium are often added for grain boundary strengthening when creep resistance is
required. For welding this need to be balanced especially due to the deleterious effect for Boron on
solidification and liquation cracking susceptibility. The Boron content is usually held at 0.001-0.005wt%
while a Zirconium level up to ~0.04wt% can be tolerated if not combined with a high Boron level. When
Sulphur is held at concentrations <0.001wt% instead of 0.020-0.040wt% additional Boron and Zirconium
can be tolerated. Generally should Phosphorus and Sulfur be held as low as possible since they do not
have any benefit for the alloy properties from cracking resistance point of view.



Welding

Welding is a manufacturing process, in the aerospace industry large savings can be made by utilizing
fabrication. Instead of producing advanced engine parts with complex casting or machine them from
forgings they are welded together from more simple pieces. However, since a substantial amount of
welding is carried out there is often a high risk of cracking. Therefore, there is a need for determining
materials weldability which within the scope of research presented here is defined as its ability to avoid
cracking during and after welding.

Cracking mechanisms
The cracks occurring in or related to welds can be divided into different categories dependent on how
they form and they can be studied from thermal, metallurgical or mechanical point of view.

Solidification cracking

First category involves the solidification cracking which may be the worst type because after initiation it
can grow until the weld stops. It forms in the remaining liquid during the last stage of solidification in
between growing dendrites or columns. Often the solidification range or brittle temperature range is
pointed out to be closely connected to the cracking susceptibility [12].

Liquation cracking

A second category is the Heat Affected Zone (HAZ) or liquation cracks were liquid also is present at grain
boundaries and secondary phases close to the fusion boundary. These cracks forms mainly due to two
reasons, constitutional liquation of secondary phases and/or liquation of segregated melting point
depressant elements. In both cases rapid heating is required to cause large enough temperature and
compositional gradients for crack formation. Slow heating would on the other hand lead to dissolution of
second phase constituents through solid state diffusion into the matrix and the material will be more
homogenized [12].

Solid-state cracking

Other categories of cracking include e.g. ductility dip cracking and strain age cracking, which all occur in
the fully solid state. At intermediate temperatures of approximately 0.5-0.8Tm the ductility dip cracking
can occur in locations of grain boundary embrittlement. Strain age or reheat cracking on the other hand
occurs during a post-weld heat treatment which is carried out to improve mechanical properties and
relief residual stresses due to welding while homogenizing the precipitation strengthened microstructure
[12, 13].

Weldability testing

A weldability test should provide enough information whether a real weld can be successfully made or
not. The tests could therefore be divided into three main categories, (representative, externally loaded
and simulative tests), depending on the complexity of the test and the desired output.

Self-restraint tests
Here the geometry of the specimen is designed to produce variable restraint in the weld and is used to
induce cracking without any external load. The test can represent the actual welding and restraint



conditions but normally only provides simple results, that is, if cracks exist or not afterwards. Some
examples [14] of these tests can be seen in Figure 1.

(a) (b) () (d) (e)

Figure 1. lllustrative examples of (a) Lehigh restraint test, (b) keyhole restraint cracking test, (c) Houldcroft crack susceptibility
test, (d) keyhole slotted-plate restraint test and (e) circular patch test.

The Lehigh restraint test from Lehigh University uses a plate with slots of a specific length at the sides
and ends to control the severity of the restraint. The test with a single-pass weld is repeated with
different slot length until a threshold value is obtained.

Keyhole restraint cracking test from U.S. Naval Research Laboratory is a simplified version of the Lehigh
test and uses a groove in the plate along the centerline and ends with a hole. A weld is made towards the
hole where the restraint will reach a maximum and a crack may form. The length of the crack is
measured and used as index for crack susceptibility.

The Houldcroft crack susceptibility test is similar to the Lehigh test but with varying slot length along the
centerline and with a full penetration weld made. The restraint level is highest in the beginning of the
weld and a mean value of crack lengths is used as susceptibility index.

Keyhole slotted-plate restraint test from Battelle is a variant of the Houldcroft test and begins at the low
restraint end. The crack sensitivity is determined by the uncut width of the specimen at the point where
the crack ends.

The Circular Patch test relay on the principle that stresses across the weld will increase along a circular
path due to the shrinkage of the earlier weld. A centerline crack can initiate and grow along the path
depending on thickness, diameter and weld parameters. The angle between starting and crack initiation
point is used for susceptibility index.

Externally loaded tests

A second type of tests involve a load being applied externally either before or during welding in order to
test the susceptibility to cracking. This is often done by measuring the load or the severity of the test at a
level where cracks are initiated or arrested. A limitation for these tests is that the applied load is added
to the shrinkage restraints making them difficult to separate, see Figure 2.



(a) (b) (c) (d) (e)
Figure 2. lllustrative examples of (a) Sigmajig, (b) Russell test, (c) PVR-test, (d) Varestraint test and (e) Transvarestraint test.

The Sigmajig test from Oak Ridge National Laboratory by M. Goodwin in 1987 [9] involves a sheet
specimen which is transversely pre-stressed in a jig where a TIG-weld is then made along the centerline.
The procedure is repeated with increased preload until cracking occur at the so-called threshold stress
(o). This works for thin sheet material up to approximately 2.5mm but a drawback supported with finite
element calculation is found [15, 16] where the specimen can crack at stress-free condition and have no
cracking at moderate pre-stress [17, 18].

Russell test by Derek Russell is a relatively simple test jig where a pre-strained test specimen is welded
either to or from the high stress field. The load is measured with strain gauge and combined with the
measured cracks which in general are found to become somewhat shorter when welding in the direction
from the highest stress field. Advantages are the small size, ability to use relatively thick specimens and
possibility to produce solidification cracks in even the most resistant steels while high scatter may
require additional testing and use of mean values [19, 20].

The PVR (Programmierter Verformungs-Riss)-test also known as Controlled Deformation Cracking Test
or Controlled Flat Tension Test was developed in Austria three decades ago. Here welding with constant
speed is made on a flat tensile specimen while a constant accelerating strain rate is applied. The critical
tension speed V. is used for susceptibility index at the first detected crack and it could be solidification
cracks, liquation cracks or solid-state cracks. This can be done in one specimen and the procedure is
internationally standardized [21] but the test requires high elongation to break which limits the suitable
test material [12, 22].

The Varestraint from 1965 by Savage and Lundin [23] and Transvarestraint test from 1970 by McKeown
[23] originates from “VAriable RESTRAINT” and “transverse” loading direction produces surface cracks
usually by TIG-welding and bending a sample plate at the same time. This is done over pre-shaped die
blocks often with hydraulic or pneumatic plunger and the applied strain is altered by changing die blocks.
The tests are claimed to provide rapid testing and evaluation, low scatter and good reproducibility with
the use of a single machine and the procedure are standardized [21]. The use of high strain rates is
criticized [24] for potentially skewing the susceptibility results and for the fact that Transvarestraint
testing only sheds light on solidification cracks.



Simulative tests

Simulative tests are tests where a defined weld temperature cycle is simulated and used to collect
information in or near a crack susceptible location.

thermocouple

— > 4

Figure 3. lllustrative example of Gleeble hot ductility test run above test material melt temperature.

The Gleeble hot ductility test from Rensselaer Polytechnic Institute in Troy is a method widely used and
standardized [21] to measure material properties at high temperatures and can be used for studying
solidification cracking where the material is heated above the melting temperature in a quartz tube, see
Figure 3. Several specimens are broken at selected moments in the welding thermal cycle and the
reduction in area is measured from fractured cross-section. Critical strain rate for crack initiation or
ultimate fraction strength may be desired measurements [12, 25, 26].

Cast pin tear test is a relatively new test developed by Hull in the 1970’s and this test gives a minimum
pin length for cracking to occur.

P

(a)
Figure 4. Cast pin tear test in (a) illustrative example and (b) photo showing test setup [27] .

The small (typically 10-16g) test pieces are melted with a TIG equipment or an induction coil and then
cast into Copper molds, Figure 4, of different length with help of gravity or small argon gas overpressure.
The mold geometry and material behavior affect the tendency to form solidification cracks just below
the pin head at a certain pin length [28].

Crack measurement and criteria

Cracks are generally reproduced in a test and then evaluated through measuring the cracks and
important parameters and/or by counting the visible cracks. Often the measurements are done in the as-
welded condition with the help of e.g. microscopy or penetrant inspection. In order to increase the
reproducibility and lowering the manual error each specimen could be evaluated by two different
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observers and then an average value is used or also the test could be repeated. A common measurement
is the Total Crack Length (TCL) where all relevant cracks are measured and summarized while another
measure, the Maximum Crack Length (MCL), only consider the longest crack and may be more sensitive
to measuring errors. In addition, the similar Maximum Crack Distance (MCD) is defined as the
perpendicular distance from the fusion boundary to the far-end tip of the crack and is identical at the
centerline, see Figure 5a. The MCD is often combined with measurement of the thermal cycle to
calculate the Brittle temperature range (BTR) or Solidification cracking temperature range (SCTR), Figure
5. Then it is also possible to use the total number of cracks or the point where the first crack is visible as
indicator for hot cracking susceptibility.

™~ AN

™~ 118 [ S —— pree

S-L interface MCL=MCD

—
w

Weld metal
cooling curve

Temperature

/ Isotherms
(a) (b)

Figure 5. Principal (a) use of Maximum crack distance (MCD) and (b) comparison to Maximum crack length (MCL).

When trying to construct and find criteria for hot cracking, they are often based on the assumption that
there exists a critical strain (CS). Depending on the type of test (i.e. bending or tension) and experimental
conditions (i.e. sample geometries, thermal history, strain rate, etc.) the absolute value for the criteria
can vary widely. A strain theory which combines both CS and critical strain rate (CST), Figure 6, defines
the upper (TL) and lower temperature (TE) limits, while the critical ductility curve is determined
experimentally, i.e. with a strain-based test. Cracking is assumed to occur when a deformation curve,
representing strain across mushy zone, intersects the curve at any point [12].

T.:  Liquidus temperature

Te:  Effective solidus temperature
BTR: Brittle temperature range

CS:  Critical strain

CST: Critical strain rate

Strain —>

Decreasing temperature —>

Figure 6. Schematic illustration of CS, CST and BTR in the ductility curve.
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Experimental and Analyses Techniques

The experimental work in this study includes Varestraint testing and sample preparation (paper I, III and
IV). The technique with fluorescence penetrant inspection combined with digital imaging was used in all
four papers while microscopy and hardness measurements where done in papers IIl and IV.
Additionally, JMatPro simulations where done in paper IV.

Material

The alloy compositions are summarized in Table 1 for the sheet materials used in the paper IIl and IV.
These compositions are similar or identical as those in paper I and II. The Waspaloy® plates were
solution-annealed at 1010°C for 2h followed by forced air cooling and Haynes® 282" is in mill-annealed
condition (1121°C for 0.5h then polymer quench). Alloy 718 and ATI® 718Plus™ were solution-annealed
at 954°C for 1h in paper IV while ATI° 718Plus™ was in mill-annealed condition in paper II.

Table 1 Specified alloy compositions in wt.%

Element Ni Cr Fe Co Mo Al Ti Nb C P B W C Mn S si
wt%

Waspaloy®  Bal. 19.13 113 1334 422 136 3.03 008 0004 0.006 002 002 0002 0.09
Alloy 718 Bal. 1841 1792 - 305 060 094 500 003 0.002

ATI® Bal. 17.86 959 897 270 149 076 549 0024 0.004 0.99

718Plus™

Haynes®

il Bal. 19.63 035 1035 856 141 221 0.068 0.002 0.004 - 008 0.002
Microstructure

The grain size in the different alloys studied in paper III and IV can be seen in Figure 7a-d. The smaller
grain sizes were shown for ATI® 718Plus™ (8um) and Alloy 718 (16um) followed by Haynes® 282° (64um)
and Waspaloy® (90um). The macro-hardness was measured to 367HV (solution-annealed), 227HV
(solution-annealed), 204HV (mill-annealed) and 294HV (solution-annealed), respectively. The difference
between macro- and micro-hardness levels in the different alloys were all within 16% which is not
unexpected.
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(a) (b)

367HV 294HV

(c) (d)

Figure 7. Wrought material in (a) Haynes® 282°, (b) Alloy 718, (c) ATI° 718Plus™ and (d) Waspaloy®.

In Figure 8 the Vickers micro-hardness variation can be seen across the weld for the different alloys
studied in paper IIl and IV among the mean values for parent metal (horizontal straight dotted lines).
The same hardness (250HV) is roughly found in the weld metal for all the measured alloys independent
of the parent metal hardness. Highest values (around 400HV) are seen for Waspaloy® and ATI" 718Plus™
in the heat affected zone (HAZ) while the other alloys reaches about 250-350HV.
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Figure 8. Micro Vickers hardness across weld section together with parent material values.

In the HAZ a similarity is found for Alloy 718 and Haynes® 282° were the hardness level reaches
approximately 300HV. The main explanation to the differences in parent metal hardness for ATI®
718Plus™ (384HV, solution-annealed) is related to fast hardening of the y’ phase and for Waspaloy®
(340HV, solution-annealed) associated with slow forced air cooling. Alloy 718 (243HV, solution-annealed)

rule under sluggish hardening of the y”’ phase whereas Haynes® 282° (208HV, mill-annealed) undergoes a
fast polymer quench.

Equipment

For some of the testing the relatively newly developed [29] Varestraint machine, Figure 9, at University
West in Trollhdttan Sweden was used where the designed capacity is 100 ton in the press at stroke rates
up to 350 mm/s (due to the pressurized accumulator tanks) with a good stop position accuracy capable
of 65 ms in response time. Several different test modes apart from Varestraint testing can be used

including Transvarestraint, Spot Varestraint, multi-pass testing, bending without welding and filler
material studies.
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Figure 9. Varestraint test equipment including (a) hydraulic unit, welding robot and (b) press.

Simulation

The amount of y’ and y”’ hardening phases could be visualized or thought of as one weldability affecting
parameter where Waspaloy® followed by ATI® 718Plus™, Haynes® 282° and Alloy 718 are shown in
descending hot cracking susceptibility ranking due to the associated restraining effect from the
hardening phases, Figure 10a. When looking at other present phases in Alloy 718 and ATI® 718Plus™ the
result is more or less identical as in Figure 10b, that is, MC-formation at 1250°C followed by Delta and
mostly Laves which can start to form roughly at below 1150°C.

Alloy 718, ATI® 718Plus™, Haynes® 282° Alloy 718 - Fraction solid (wt)
and Waspaloy® - Fraction solid (wt) 0.04
0.16
0.14 0.03
0.12
0.1
0.08 0.02
.
0.02 - 0.01
0
800 850 900 950 1000 1050 0 ————
—a— WASPALOY GAMMA' 718Plus LAVES 800 900 1000 1100 1200 1300
—e—HAYNES282 GAMMA' —e— 718 M3B2 —e— 718 DELTA 718 LAVES
—e—718 LAVES —w—718Plus M3B2 —e—718 MC 718 M3B2

Figure 10. (a) Solidification weight fraction of y’ and y”’ in JMatPro and (b) Alloy 718 phases.

For Haynes® 282° and Waspaloy® the solidification sequences are different, Figure 11, for example the
amount of sigma-phase is smaller in the latter material. Then, MgC is present in Haynes® 282° while
instead M23Cs is found in Waspaloy®. Note that MgC can start to form around 1250°C according to this
simulation.
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Figure 11. Solidification weight fractions of phases with JMatPro in (a) Haynes® 282° and (b) Waspaloy®.
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Summary of results in appended papers

A distinction must be made regarding the Varestraint test results in Paper 111, it is not directly
comparable with the results in Paper I due to the use of different test equipment and to the lack of
similarity in the chosen test parameters. This problem has been studied earlier in a round-robin study
[22] and also in the work on how to standardize the test procedure [24].

Paper I

In this study, the influencing weldability parameters around the new Varestraint machine are evaluated
through Measurement System Analysis (MSA) and Design of Experiment (DoE). The MSA showed that
the penetrant evaluation method had a relatively low variation compared to the microscopy method due
to the repeatability. Also, the use of one operator would reduce the variation in both methods due to
consequential judging and in this case 28% of the natural variation is due to the measurement system
(penetrant method with one operator). The DoE consisted of 4 test parameters with 3 repetitions each
and 10 center points in a 2"%-level full factorial experiment. In a main effect plot, Figure 12, the blue line
represents the standard deviation divided by the mean value which should be minimized in order to
have a small influence from the measurement system. Best parameters to use should have a low std-
dev/mean combined with a variation below the mean value (black horizontal line) which is the case for
the parameter in Figure 12b where the two best settings are highlighted and the other are adequate
alternatives.

® Main Effects Plot for StDev/Mean

© Main Effects Plot for Std Dev Resultat
-140

4000+
120

30001 "' [parameter setting 5|10 12| 13 | 14| 16| 17
\ -5 [WeldSpeed(mm/s) | 1|3 | 3] 1 |3]|3] 2
2000 L 60 Weld current (A) 701 70]90| 70 | 70| 90| 80
% \ . /\ |, |Radius(mm) 60(40[40| 60 | 60| 60| 50
10004 Stroke rate (mm/s) | 10 |250{250]| 250 [250|250| 130
L 20 Stdev 145)1437(206]1147|940|638| 1447
o L o Stdev/mean (%) 3|6]2]| 18|20f10]( 15

T T T T T T T T T T T T T T T T
12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Part ID

(a) (b)

Figure 12. DoE results with (a) main effect plot of mean std-dev and normalized values and (b) selected parameters sets.

In an interaction plot, Figure 13, it is visible that the stroke rate (speed of impact) has relatively low
effect on the variation while weld speed affect most. The lowest variation is achieved with low welding
speed, current, stroke rate and large radius but this setup could lead to zero or very few cracks to
measure which may not be practically desired.
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Interaction plot for standard deviation results
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Figure 13. Interaction between input parameters on the variation in total crack length.

Conclusions (paper I)

* One operator results in less variation in reproducibility due to the subjectivity of the
measurement procedure and lack of training.

* The welding speed is according to the DoE the cause for the greatest variation.

e Low standard deviation/mean-TCL are found for the parameters: welding speed of 1Imm/s, weld

current of 70A, radius of 60mm, bending rate of 10mm/s)

* Measurements should be performed on samples with TCL above ~9.4mm which stand for a

measurement variation of ~28 %.

Paper 11

In this paper, a study is carried out in relation to the suggestion to use test plates thicker than 10 mm to
avoid hinging and in order to minimize the influence of the compression strains (lower part of the bent
specimen) on the weld cracking during bending. This is done in Varestraint testing on ATI° 718Plus™ and
Haynes® 282° plates using test configurations with and without bottom-tack-welded support plates
where the TCL response versus ideal augmented strain is considered. The test on ATI" 718Plus™, Figure
14, shows that no distinction between the different plate configurations could be made despite the

presumably different strain situations.
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ATI® 718Plus™ with and without fixturing
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Figure 14. Varestraint test on ATI° 718Plus™ comparing with and without fixturing.

The results from the Haynes® 282® specimen, Figure 15, also show an insignificant difference concerning
the use of fixturing and the negligible influence of the compressive state. It should be noted that the
large difference in grain size (ASTM 5 for Haynes® 282°® and very fine ASTM 10 for ATI° 718Plus™) can be
expected to be an advantage for Haynes® 282° if grain size refinement is possible.

Haynes® 282° with and without fixturing
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-
O 5 l B
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Figure 15. Varestraint test on Haynes® 282® comparing with and without fixturing.
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Conclusions (paper I1)

* Noinfluence of the compressive strains on the cracking response in Varestraint testing was
observed.

* Thin test plates can be used as long as kinking is eliminated by the use of support plates.

* Hot cracking susceptibility of Haynes® 282° is lower compared to that of ATI 718Plus® especially
when the grain size effects are considered.

* ATl 718Plus® liquates through constitutional liquation of NbC.

Paper III and 1V.

Varestraint test results can be seen in Figure 16. Varestraint test results in the form of TCL [mm)] versus
augmented strain [%], Figure 16, which show different similarities between the four studied alloys.
Firstly, Alloy 718 and Waspaloy® tend to point towards zero tolerated augmented strain when looking in
the tested range (1.1%-4.3%). Secondly, ATl 718Plus™ and Haynes® A282° seems to have a tolerance of
around 1% applied strain even if the highest values (8.6%) indicates somewhat higher values for the
latter alloy. The test setup parameters included current of 85A, stroke rate of 16mm/s and weld speed of

2mm/s.
Varestraint results
35 +
+
30
'g 25 %
£ 20 N W Waspaloy® with 1010°C-2h
S = + ; o
9 15 © Alloy 718 with 954°C-1h
-
g s B ATI® 718Plus™ with 954°C-1h
S 10 $ ®
® P + Haynes® 282° with 1121°C-0.5h

1]
.
3
00 10 20 30 40 50 60 70 80 90
Augmented Strain [%]

*4

Figure 16. Varestraint test results in the form of TCL [mm] versus augmented strain [%].

Closer look on the Varestraint samples in the heat affected zone (HAZ) showed that there where
intergranular liquation cracks, Figure 17a-d, but with different appearance in the four alloys. In Alloy 718
and ATI® 718Plus™ tested at strain level of 4.3%, along the crack paths and also ahead of the crack tips y-
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Laves eutectic is expected [30-33]. In the Haynes® 282" sample there are small amounts of traces from
liguation which could be Ti-Mo based MC and/or MsBs [13]. Waspaloy, on the other hand, showed no
visible traces of liquation at this magnification, c.f. [34].

(a) (b)

() Aspm Lol (d)

Figure 17. HAZ liquation and crack tip sections in (a) Alloy 718, (b) ATI° 718Plus™ (c) ™ Haynes" 282° (d) Waspaloy®.

Conclusions (paper I1I and IV)

o ATI® 718Plus™ showed lower susceptibility to hot cracking than Alloy 718 in Varestraint testing
despite of its higher hardness, which was associated with the smaller grain size of the specific
ATI® 718Plus™ material used in the current study.

* ATI® 718Plus™ and Alloy 718 reveal increased hot cracking susceptibility in their mill-annealed
condition as compared to that of their solution-annealed condition (954°C for 1 h). The solution
annealing lowers the hardness, but does not influence the grain size.

* The susceptibility to hot cracking is higher for Waspaloy® than for Haynes® 282® according to the
Varestraint test and this is supported by the earlier testing on as-received Waspaloy® and
Gleeble hot ductility tests.

* InHaynes® 282®, HAZ liquation cracking was connected to the presence of an intergranular
secondary phase which seems to be similar to what was identified earlier in the FZ, namely Ti-
Mo based MC-type FCC carbides.
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Future work

In recent work, the old “Elegant version” of the Varestraint concept [23] seems now more realistic to be
constructed and implemented as a complementary tool to the relatively new Varestraint machine at
University West in Trollhattan Sweden, see Figure 18. If this approach works as expected solidification
crack initiation could be captured in every sample at a relatively low strain rate. This could give new
insight and/or confirmation of today’s test methods and procedures.

Heat source

>
4
¥
¥
Y
%

(a) (b)
Figure 18. (a) Principle view and (b) overview of early concept model of a possible accessory in the Varestraint machine.

The modified machine is intended to have a pre-shaped upper pair of mandrels and a lower one rotating
in the direction to bend the support and test plates against the lower mandrel where they are fastened.
The mandrels are pre-shaped presumably with involute, in order to achieve increasing strain during
welding locally near the weld pool. The radius of the mandrels and gears are maximized with the
intention of enabling low minimum applied starting strain and at the same time allowing the use of the
available piston movement. The gears can be helical or double-helical to get smooth movements and the
racks are fastened to the piston grips. Roller bearings if any should be of needle type to handle the loads.
Then, four supporting brackets are fastened in the press unit and two shafts with splines or grooves at
the mandrels and gears transfer the moment from the gears to the mandrels. The welding heat source is
placed between the two upper mandrels to balance the weld pool horizontally right in position to the
deformation zone.
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