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Abstract
Varestraint testing of the newly developed cast ATI® 718Plus™ after pseudo-HIP (hot isostatic pressing) heat treatments showed
that the extent of solidification cracking was independent of the heat treatment condition. The susceptibility towards heat-affected
zone (HAZ) liquation cracking was found to be related to the heat treatment dwell time rather than the temperature. The heat
treatments at 1120 and 1190 °C for 24 h were the most susceptible to cracking. On the other hand, heat treatments at 1120, 1160
and 1190 °C for 4-h dwell time exhibited the least amount of cracking. The solidification cracking was found to be similar
whereas the HAZ liquation cracking was lower for ATI® 718Plus™ after the heat treatment at 1120 and 1190 °C for 4-h dwell
time in comparison to cast Alloy 718.
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1 Introduction

ATI® 718Plus™ has been developed in response to the de-
mand for an alloy that could surpass the operating temperature
limit of Alloy 718 while maintaining good fabricability, which
has been one of the success factors of Alloy 718 compared to
other concurrent superalloys used for high-temperature appli-
cations. The newly developed ATI® 718Plus™, which is
strengthened primarily by the γ′ phase, has an advantage of
~ 50 °C in terms of maximum operating temperature to the γ′′
strengthened Alloy 718 [1, 2].

The similarity in the solidification range of ATI®
718Plus™ to that of Alloy 718 [2, 3] makes it very promising
for being developed for cast structures. A special composition
has been under research with regard to increased amount of
Nb for the cast version of ATI® 718Plus™ [4]. Cast compo-
nents usually require homogenisation heat treatments prior to
any manufacturing process, e.g. welding. From the industrial
perspective, it is of interest to use similar heat treatment guide-
lines for ATI® 718Plus™ as for cast Alloy 718. Hot isostatic
pressing (HIP) heat treatments for cast alloys such as Alloy
718 have been developed to avoid incipient melting of the
Laves eutectic constituent, at soak temperatures and dwell
times of 1120 °C/4 h [5] and 1190 °C/4 h [6, 7]. In a previous
research study, Singh et al. [8] investigated the hot cracking
susceptibility of cast Alloy 718 byVarestraint testing after HIP
at the above-mentioned temperatures. It was found that al-
though similar response in solidification cracking of the two
conditions, the heat-affected zone (HAZ) liquation cracking
susceptibility was higher for the heat treatment of 1190 °C
(HIP 1190 °C/4 h + 870 °C/10 h and furnace cooling to
650 °C/1 h in vacuum + 950 °C/1 h + air cooling) [5], than
the 1120 °C (HIP 1120 °C/4 h + 1050 °C/1 h and furnace
cooling to 650 °C/1 h in vacuum +950 °C/1 h + air cooling)
[6, 7].
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In the present study, the hot cracking susceptibility by
Varestraint testing of cast ATI® 718Plus™ is evaluated after
pseudo-HIP in regular laboratory without the effect of pres-
sure at temperatures of 1120, 1160 and 1190 °C at 4-h dwell
time, which are temperatures, below, at and above the incipi-
ent melting temperature of the Laves-γ eutectic, respectively
[9]. In addition, the influence of two long dwell time heat
treatments for 24 h at 1120 and 1190 °C, respectively, is eval-
uated in reference to the as-cast condition.

2 Experimental

The composition in weight percent of cast ATI® 718Plus™ is
presented in Table 1. Differential scanning calorimetry (DSC)
was performed by a Netzsch-STA 409 PC Luxx simultaneous
DSC-TG equipment using heating and cooling rates of 20 °C/
min for solidification sequences and comparison was made by
simulation results obtained by JMatPro v8. The selected
pseudo-HIP treatments were 1120, 1160 and 1190 °C for 4-h
and 1120 and 1190 °C for 24-h dwell time followed by water

quenching in order to avoid any precipitation of γ′. These five
conditions were tested in reference to the as-cast condition.

Three test plates for each condition were tested using lon-
gitudinal Varestraint weldability testing at augmented strain
levels of 1.1, 1.6, 2.1 and 2.7%. The test setup, available in
reference [10], and welding conditions are the same as for the
previous study of cast Alloy 718 [8]. The welding parameters
are summarised in Table 2.

After testing, the plate surfaces were manually polished
by fine abrasive paper to remove any oxide layer. Cracks
were measured by a stereo microscope at × 57 magnifica-
tion. Volume fraction of secondary precipitates was carried
out by manual point count according to ASTM E562 [11].
Grain size measurements were conducted on two samples
from each test plate (totally 144 samples). Macroetching
was conducted by using the etching solution of HCL with
mean concentration of 90%, 10% HNO3, 120 g/l FeCl3
powder heated to about 50 °C. Varestraint-tested samples
as well as samples for determining the grain size were
etched electrolytically by oxalic acid at 5 V and varying
times and characterised by optical as well as scanning elec-
tron microscopy (LEO 1550 FEG-SEM with Oxford elec-
tron dispersive X-ray spectroscopy).

3 Results

3.1 Base metal microstructure

The base metal microstructure evolution after the pseudo-HIP
treatments is shown in Fig. 1. The Laves phase constituent in

Table 1 Composition of wrought
ATI® 718 Plus™, cast ATI® 718
Plus™ and cast Alloy 718

Element (wt%) Wrought ATI®
718Plus™

Cast ATI®
718Plus™

Cast Alloy
718

Ni Bal. Bal. 52.98

Cr 18 20.5 18.11

Fe 10 9.7 Bal.

Co 9 8.3 0.07

Nb 5.45 6.3 5.31

Mo 2.8 2.7 2.98

Al 1.45 1.5 0.42

Ti 0.7 0.8 0.99

C 0.02 0.05 0.05

W 1 1 0.01

Mn – 0.01 0.03

Cu – 0.1 0.01

Si – 0.03 0.07

P 0.007 0.008 0.009

B 0.004 0.005 0.03

Table 2 Parameters used for Varestraint weldability testing using gas
tungsten arc welding. Ar gas purity of 99.99%

Welding speed
(mm/s)

Stroke rate
(mm/s)

Welding
current (A)

Arc length
(mm)

Ar gas flow
(l/min)

1 10 70 2 15
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terms of volume fraction is presented in Table 3. The volume
fraction of the Laves phase decreased from about 4.1% in the
as-cast condition to about 0.3% after pseudo-HIP at 1120 °C/
4 h and reached minimum values at the higher temperatures
and longer dwell times. The same table also reveals the
macrohardness and grain size values in each condition. The
hardness dropped from 375 HV in the as-cast condition to
170–180 HV in the pseudo-HIP-treated conditions. Average
grain size values remained similar of about 2.3 mm in all
conditions except for 1190 °C/4 h, which exhibited a lower
value of 1.7 mm.

3.2 Weld zone

Fusion zone (FZ) average total crack length (avg. TCL)
against the augmented strain is presented in Fig. 2. It can be
seen that, except for one data point with large standard devi-
ation, there is no distinction in between the different
conditions.

Weld bead dimensions were taken from four test plates for
each condition and are summarised in Table 4. These values
were measured from cross sections taken from the test plates
experiencing maximum amount of bending.

Figure 3 shows an example of the variation in weld bead
dimensions and weld grain structure in different cross sections
taken from just one specific plate from the as-cast condition.

Figure 4 shows a typical solidification crack surrounded by
an eutectic structure.

3.3 Heat-affected zone

Figure 5 shows the HAZ liquation cracking behaviour. The as-
cast condition exhibited higher cracking response in respect to
the heat treatments at short dwell times of 4 h. The latter,
1120 °C/4 h, 1160 °C/4 h and 1190 °C/4 h conditions, showed
similar cracking susceptibility; however, the avg. TCL for the
two conditions of 1120 °C/24 h and 1190 °C/24 h were higher
despite the large standard deviation values. This is also con-
firmed by the higher total crack number values disclosed in

Fig. 1 Base metal microstructure map in the different conditions of cast ATI® 718Plus™

Table 3 Volume fraction of Laves, base metal hardness and grain size values for the different conditions

As cast 1120 °C/
4 h

1120 °C/
24 h

1160 °C/
4 h

1190 °C/
4 h

1190 °C/
24 h

Vv (%) 4.1 ± 0.7 0.3 ± 0.2 0.1 ± 0.1 0.1 ± 0.1 0.0 ± 0.0 0.0 ± 0.0

HV 375 ± 15 170 ± 0 180 ± 0 170 ± 5 170 ± 0 180 ± 5

GS (mm) 2.3 ± 0.5 2.2 ± 0.5 2.4 ± 0.5 2.3 ± 0.4 1.7 ± 0.4 2.5 ± 0.6
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Table 5, where the total number of cracks were counted and
averaged over the number of test plates.

Cracking in the as-cast condition propagated along
interdendritic areas in the HAZ. In the heat-treated conditions,
cracking followed the grain boundaries and was often con-
nected to the FZ. The latter had clear signs of backfilling from
the weld pool. An example of a partially backfilled crack is
shown in Fig. 6.

4 Discussion

4.1 Cast ATI® 718Plus™

Figure 3 disclosed how the weld bead dimensions and weld
grain structure changed within the same test plate. Also, Table
4 revealed the difficulty in obtaining similar weld bead dimen-
sions between the different test plates. The difference in weld
grain structure and weld bead dimensions is known to influ-
ence the weld cracking [12, 13]. However, despite these dif-
ferences, solidification cracking was independent from the
pre-weld heat treatment.

The relatively high scatter in the HAZ liquation cracking
response is typical for castings and has previously been re-
ported for cast Alloy 718 [8]. Cracking in the as-cast condition
occurred interdendritically and was associated to liquation of
the Laves phase (Fig. 7). Hardness values of 375 HV in the as-

Fig. 2 Avg. TCL together with standard deviation values for FZ cracking

Table 4 Weld bead dimensions

Condition Depth (mm) Width (mm) Depth/
width

As cast 3.93 ± 0.24 8.2 ± 0.23 0.50 ± 0.03
1120 °C/4 h 4.3 ± 0.14 7.1 ± 0.14 0.61 ± 0.03
1160 °C/4 h 4.2 ± 0.16 7.35 ± 0.13 0.57 ± 0.02
1190 °C/4 h 4.23 ± 0.10 7 ± 0.14 0.60 ± 0.03
1120 °C/24 h 3.55 ± 0.19 7.84 ± 0 0.45 ± 0.02
1190 °C/24 h 3.68 ± 0.20 7.97 ± 0.10 0.46 ± 0.03

c)b)a)

42

25

5

Fig. 3 Weld cross sections showing difference in weld grain structure and weld bead dimensions. The three cross sections are taken from the same test
plate but at different locations, a) start of the weld, b) at steady-state condition and c) at area experiencing maximum amount of bending
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cast condition are similar to that of the aged condition [9].
After the pseudo-HIP heat treatments, the Laves phase signif-
icantly reduced; however, in contrary to what is usually ex-

pected, grain growth did not occur. The relatively low hard-
ness of 170 HV suggests that the γ′ phase precipitation was
avoided by water quenching and a softer base metal was ob-
tained which in turn also resulted in lower cracking for the 4-h
dwell time heat treatments. The 24-h dwell time heat treat-
ments, despite having similar values in grain size, hardness
and higher degree of homogenisation, were the most suscep-
tible to cracking. Similarly, Andersson et al. [9] found that the
condition with the highest degree of homogenisation also ex-
hibited the most amount of cracking when evaluating the ef-
fect of homogenisation treatments on the repair weldability of
cast ATI® 718Plus™. It was hypothesised that grain bound-
ary embrittlement can occur due the change in grain boundary
wetting behaviour by redistribution of Nb. There are other
variables which add to the complexity in reasoning of the
results and are further discussed below.

In the results, it was pointed out that there was a lower grain
size for the condition of 1190 °C/4 h (~ 1.7 mm) in compari-
son to the average of 2.3 mm for the other conditions. The
grain size analyses were conducted on each side of the weld
plates. The value for each condition in Table 3 is therefore the
average values out of 24 samples. Figure 8 shows the grain
structure in the as-cast plate, left side to the weld having av-
erage grain size of about 3.2 mm and right side with about
1.3 mm. The difference in grain size can be a result from the
casting process, with the smaller grain size being closer to the
mould walls and larger grains in the core. This could explain
the lower grain size for the 1190 °C/4 h condition, having the
test plates obtained from the side close to the mould wall.

Fig. 4 A crack in the FZ
surrounded by a solidified
eutectic structure

Fig. 5 Avg. TCL with standard deviation values for HAZ liquation
cracking

Table 5 Total crack number averaged by the number of test plates

As
cast

1120 °C/
4 h

1160 °C/
4 h

1190 °C/
4 h

1120 °C/
24 h

1190 °C/
24 h

TCN/samples 7.1 4 3.7 5.1 14 13.3
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Grain size is often considered as an important parameter
when assessing the cracking susceptibility. Smaller grain size
is preferable over large grain size, especially in cast materials
where grain size values can reach several millimetres [8, 14].
Previous studies on wrought and cast materials [15–17] cov-
ering the effect of grain size on weldability had relatively
homogeneous grain size throughout the base metal.

However, none of these studies have covered the weldability
behaviour in relation to the varying grain size at the two sides
of the weldment and especially with regard to how the strains
would partition between large and small grains within the
same test plate. The weld cross section showing the details
of the cracks in Fig. 7 is obtained from the same test plate as in
Fig. 8. Cracking was measured to the left side (large grain

Fig. 7 Weld macro cross section of an as-cast test plate showing cracks in the interdendritic areas of the HAZ

Fig. 6 A partially backfilled
crack in the 1190 °C/24 h
condition. The FZ line is marked
by the dotted line
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size) and right side (small grain size) of the weldment but no
difference was seen as disclosed in Table 6.

Figure 9 shows the grain structure in another test plate,
exposed to 1190 °C/24 h heat treatment and Varestraint tested
at 2.7% augmented strain. It reveals coarse grains with what
seems to be small subgrains to the left side of weld, together
with extremely small grains on the right-hand side suggesting
that local recrystallisation had occurred (Fig. 10). This test
plate exhibited an avg. TCL of length of 1.5 mm, at same

Fig. 8 Grain structure of an as-
cast test plate

Table 6 Crack length and grain size values for the as-cast test plate in
Figs. 7 and 8

Left Right

Avg. TCL (mm) 0.46 ± 0.14 0.40 ± 0.17

Grain size (mm) 3.2 ± 0.9 1.3 ± 0.1

Fig. 9 Grain size distribution in a test plate subjected to heat treatment of 1190 °C/24 h and Varestraint tested at 2.7% augmented strain
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order of magnitude as the 4-h dwell time heat treatments tested
at 1.1% augmented strain.

Crack measurements on the two sides of the weld were
conducted on a cross section extracted from the area
experiencing maximum amount of bending. Measurements
are summarised in Table 7.

From the above considerations, it is difficult to judge
whether the variation of the grain size within the test plate
had any influence on cracking susceptibility as there is no
previous theory explaining this behaviour or whether this
can be related within the typical scatter for cast materials.
The bi-modal grain size was found in a few test plates heat
treated at 4-h dwell time as well but it was mainly found in the
24-h dwell time heat treatments. This behaviour is not well
understood and more advanced characterisation is necessary
to say whether this has an effect on weldability or not.

4.2 Comparison to cast Alloy 718

Solidification cracking susceptibility of the as-cast ATI®
718Plus™ is compared in reference to that of the cast Alloy
718 [8] in Fig. 11. However, no clear distinction is seen. This
can be attributed to the similarity in solidification temperature
range between the two alloys, with a difference of only about
11 °C (Table 8). Solidification cracking of an alloy is often
considered to be influenced by the solidification range, where

Fig. 10 Twin grains in the 1190 °C/24 h

Table 7 Extent of cracking in the test plate from Fig. 9

Left Right

Avg. TCL (mm) 0.67 ± 0.36 0.45 ± 0.26

Fig. 11 Comparison of solidification cracking susceptibility for the two
Ni- and Fe-Ni-based superalloys cast ATI® 718Plus™ and cast Alloy 718
[8]

Table 8 Solidification events for cast ATI® 718Plus™ and cast Alloy
718. Temperature values are in degree Celsius

JMatPro DSC

Tliquidus Tsolidus Sol.
range

Tliquidus Tsolidus Sol.
range

Cast ATI®
718Plus™

1328 1120 208 1328 1162 166

Cast Alloy
718

1357 1090 267 1334 [19] 1157 [19] 177 [19]

Fig. 12 Comparison in HAZ liquation cracking between as-cast ATI®
718 Plus™ and as-cast Alloy 718
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a wider range promotes a more crack-susceptible alloy in
comparison to small solidification temperature range [18].

Regarding HAZ liquation cracking, the as-cast ATI®
718Plus™ exhibited a higher cracking susceptibility than the
as-cast Alloy 718 (Fig. 12). From Table 9, the volume fraction
of secondary precipitates were similar, but the base metal
hardness differed by about 100 HV.

Interestingly, after the heat treatments, the cracking suscep-
tibility of cast ATI® 718Plus™ is lower than that of cast Alloy
718 (Fig. 13).

For cast Alloy 718, it was found that even though the segre-
gation reduced with increasing pre-weld heat treatment temper-
ature, the amount of cracking, however, increased with the in-
crease in grain size. The difference in cracking susceptibility was

Table 9 Comparison of volume
fraction of secondary precipitates,
base metal hardness and grain size
values for the different conditions
of cast ATI® 718Plus™ and cast
Alloy 718

Cast ATI® 718Plus™ Cast Alloy 718

As cast 1120 °C/
4 h

1190 °C/
4 h

As cast HIP-1120 HIP-
1190

Vv (%) 4.0 ± 0.5 0.3 ± 0.2 0.0 ± 0.0 3.7 ± 0.6* 1.7 ± 0.1* 1.3 ± 0*

HV 375 ± 15 170 ± 0 170 ± 0 260 ± 20 220 ± 30 210 ± 20

GS (mm) 2.3 ± 0.5 2.2 ± 0.5 1.7 ± 0.4 1.7 ± 0.1 2.6 ± 0.3 3.3 ± 0.3

*Volume fraction of Laves and NbC

Fig. 13 Comparison in HAZ liquation cracking behaviour between cast ATI® 718Plus™ and cast Alloy 718 heat treated at 1120 °C/4 h andHIP-1120 in
the left figure. On the right, comparison between cast ATI® 718Plus™ at 1190 °C/4 h and cast Alloy 718 at HIP-1190

Table 10 Extent of backfilled cracks at 1.1 and 2.1% strain for cast ATI® 718Plus™ and cast Alloy 718

Cast ATI® 718Plus™ Cast Alloy 718

1120 °C/
4 h

1190 °C/
4 h

HIP-1120 HIP-1190

2.1% Avg. crack length 1.42 ± 0.61 1.36 ± 0.47 1.20 ± 0.54 0.92 ± 0.51

Avg. backfilled length 0.59 ± 0.27 0.61 ± 0.31 0.48 ± 0.28 0.26 ± 0.11

% 41 45 40 28

1.1% Avg. crack length 1.55 ± 0.55 1.24 ± 0.50 0.82 ± 0.30 0.77 ± 0.25

Avg. backfilled length 0.88 ± 0.53 0.66 ± 0.43 0.27 ± 0.22 0.36 ± 0.13

% 57 53 33 47

% = (avg. crack length / avg. backfilled crack length) × 100
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clearly noticeable above the saturation level, at 3–4% augmented
strain [8]. In this study, however, testing was done below the
saturation point and no distinction in between the pre-weld heat
treatments at 1120 °C/4 h and 1190 °C/4 h were seen.

Comparing the values in Table 9, it can be seen that the
volume fraction of secondary precipitates and hardness values
were higher for cast Alloy 718 in the heat-treated conditions
but the average grain size was significantly larger only for the
HIP-1190 condition. Therefore, the synergetic effect of vol-
ume fraction, hardness and grain size seem to be involved
when evaluating the difference in cracking susceptibility.

The backfilling effect for the two alloys was also quantified
for two selected strain levels of 1.1 and 2.1% in terms of avg.
TCL and avg. backfilled length. However, no distinction was
seen. The Varestraint test is believed to not be the best testing
method when evaluating the effect of backfilling due to the
applied augmented strain [20]. Data is provided for reference
in Table 10. Example of partially backfilled crack for cast
Alloy 718 is shown in Fig. 14.

5 Conclusions

5.1 Cast ATI® 718Plus™

& The solidification cracking was independent of the pre-
weld condition.

& The as-cast condition was more crack susceptible in the
HAZ than the heat treatments at 1120, 1160 and 1190 °C
at 4-h dwell time but less than the 1120 and 1190 °C 24-h
dwell time heat treatments.

& The only difference in the heat-treated conditions is be-
tween the short and long dwell time heat treatments, where
1120 and 1190 °C at 24 h showed more extensive HAZ
liquation cracking than the 1120, 1160 and 1190 °C at 4 h.

5.2 Comparison of cast ATI® 718Plus™ to cast Alloy
718

& The solidification cracking of the two alloys were similar.
& The as-cast condition of the newly developed ATI®

718Plus™ exhibited higher amount of HAZ cracking than
the as-cast condition of Alloy 718.

& After the heat treatments at 1120 and 1190 °C at 4 h, the
HAZ liquation cracking in cast ATI® 718Plus™ de-
creased in reference to that of HIPAlloy 718.

& No difference in backfilling effect is seen.
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