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Abstract

The hardness response of Alloy 625 weld overlay on low alloy steel was evaluated under a range of aging conditions to determine
how the properties of the overlay change during postweld heat treatment (PWHT). It was presumed that the hardening compared
to the as-welded condition occurs due to the precipitation of gamma double-prime (y"). To confirm this assumption, an
investigation was conducted on weld overlay samples under different aging conditions, using Vickers hardness testing, SEM
microstructure characterization, SEM/EDAX analysis, and nanoindentation. The Alloy 625 weld overlay hardness values ini-
tially increased but eventually decreased with increasing aging temperature. y" precipitation was found in the interdendritic
regions of the weld overlay samples. In the overaged condition, dissolution and coarsening of y” precipitates occurred. Delta (8)
phase also formed in the interdendritic regions, generally at higher temperatures than for 'y” precipitation. Nanoindentation
revealed that the precipitation of y” is responsible for the hardening in the interdendritic regions of Alloy 625 weld overlay.
The time-temperature-precipitation curves of interdendritic regions are altered from that of wrought Alloy 625 due to higher Nb,
Ti, and Mo contents and lower dislocation density. The peak temperatures achieved in service for heating coke drum may result in
interdendritic 'y” precipitation which can cause significant hardening of the overlay and promote cracking.

Keywords Alloy 625 - Weld overlay - Aging behavior - Hardness - Microstructure characterization - Interdendritic - Gamma

double-prime precipitation

1 Introduction

Nickel-chromium-molybdenum Alloy 625 was patented in
1964 and since then it has been used in applications that require
excellent resistance to corrosion, oxidation, and elevated tem-
perature creep. Its tensile strength, ductility, and impact tough-
ness are also good at cryogenic temperatures. Alloy 625 weld
metal (ERNiCrMo-3 type) has demonstrated good weldability
and resistance to hot cracking for shielded metal arc, gas metal
arc, gas tungsten arc, and submerged arc welding processes [1].

Alloy 625 filler metal is widely used to clad steel compo-
nents for corrosion protection at ambient or elevated service
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temperatures. In the oil and gas industry, the inner pipeline
surfaces or connectors are often clad with Alloy 625. The clad
weldment may be tempered (postweld heat treatment or
PWHT) in the range of 620-670 °C to reduce the steel HAZ
hardness and relieve residual stresses. The hardness of the
Alloy 625 weld overlay increases after PWHT [2—5] and
may possibly continue to harden in service, depending on
the service temperature. Recently, the Alloy 625 weld overlay
on a coke drum was found to contain cracks. It was reported
that the coke drum experienced cyclic heating up to 480 °C
(895 °F) and the cracks may result from the reduced ductility
associated with the hardening of the weld overlay [6] coupled
with thermomechanical fatigue conditions from thermal cy-
cling. The authors hypothesized that precipitation of gamma
double-prime phase (y") is responsible for the hardening
mechanism in the Alloy 625 weld overlay and hence, a system
more susceptible to thermomechanical fatigue. If a ductility
drop accompanied a strength increase, material compliance
responsible for relieving residual stress accumulated may be
reduced. The stoichiometry of the y” phase is Ni3(Al Ti,Nb)
in an ordered body-centered tetragonal DO,, structure [7-9].
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There are few studies on the precipitation behavior of Alloy
625 weld overlays, other than the work of Petrzak et al. [10],
but the precipitation behavior in other (base metal) forms of
Alloy 625 has been reported. Shaikh et al. [11] studied Alloy
625 sheet samples after solution heat treatment, quenching, and
aging. They reported the precipitation of y” at aging tempera-
tures of 700 and 760 °C, and nucleation of y” at temperatures
down to 625 °C. Suave et al. [12] reported the precipitation of
v" in the temperature range 550—750 °C and the precipitation
of d-phase in the temperature range 650-900 °C in the as-rolled
and solution treated sheet material. Malej et al. [13] studied the
aging of Alloy 625 rolled plate at 650 °C and the precipitation
of v" and &-phase were first observed after 25 and 504 h, re-
spectively. In Mathew’s work [14], y” phase was found at
700 °C with a disc-shaped morphology after 500 h. Acicular
d-phase was observed in a re-solution annealed Alloy 625 in
the temperature range 650—825 °C and the morphology
changed significantly with the increase of temperature. M»3Cq
carbides were also found at the grain boundaries [14]. Floreen
[9] reported that the y” precipitation range is 593—760 °C and
v" denuded zones were found around the grain boundaries and
Nb-rich particles. Ti and Al are necessary for y” precipitation
[8] as decreasing Ti + Al content has been shown to decrease
precipitation hardening by y” [9] [15]. No precipitation of y"
was observed in Alloy 625 in which Ti and Al were absent,
although formation of & phase is still possible. y” precipitation
in the range of 600-800 °C is reported to promote a ductility
loss in the Alloy 625 [8].

In summary, most of the studies of y” precipitation in Alloy
625 have been conducted with homogenized base metals or after
prescribed thermomechanical processing. The only study on
precipitation of y” in Alloy 625 weld metal was from Petrzak
et al. [10], but the data in this study was very limited. In order to
understand the precipitation and hardening effects in Alloy 625
weld overlay, 10 different aging conditions were investigated.
SEM and EDX were used to characterize the precipitation.
Micro- and nanohardness techniques were used to understand
the hardening reaction of the aged Alloy 625 weld overlay.

2 Experimental procedures
To demonstrate that hardening of the Alloy 625 overlay can

occur during PWHT and/or during service exposure, a boat
sample from service field and a three-layer Alloy 625 clad

Table 1

Chemical compositions of base metal and weld metal (filler wire)

sample were provided by AZZ/WSI®. The compositions of
base metal and weld metal are in Table 1. This sample was
produced using the temper bead welding procedure with the
welding parameters in Table 2 and Table 3.

Ten samples were cut from the as-welded Alloy 625 overlay
and they were postweld heat-treated at 10 different aging con-
ditions as listed in Table 1. Samples for metallurgical analysis
were ground and polished and then etched electrolytically using
a 10% chromic acid solution at 5 V for 1015 s to reveal the
microstructure of the weld sample. This technique is described
as a “matrix” etch, whereby the austenitic (fcc) matrix is etched
away leaving precipitates exposed on the etched surface. These
samples were examined in the scanning electron microscope
(SEM). SEM/EDAX mapping was used to measure chemical
composition distribution. EDAX point analysis was used to
measure the chemical composition in the dendrite core and
interdendritic regions. Several points were selected in both re-
gions to obtain the average compositions.

The furnace-aged samples (Table 4) and an overlay sample
removed from a coke drum were polished through a 6-pum-
type diamond paste for microhardness examination. A micro-
hardness map was generated using a load of 300 gf (HV3)
and a step size of 0.3 mm between indents. Based on the
Vickers hardness response, nanoindentation was conducted
on a sample aged at 1400 °F/10 h to determine the hardness
distribution in the dendritic microstructure. This sample was
polished through 1-pm-type diamond paste and was polished
manually using a 0.5-um-type colloidal solution. An MTS
Nanolndenter XP system was used to create a nanohardness
map on the sample. The XP load control mode was selected
and the maximum load of each nanoindentation is 2gf, with a
step size of 6 pm.

3 Results
3.1 Hardening of Alloy 625 weld overlay

The location of the hardness map relative to the 3-layer Alloy
625 weld overlay from a sample removed from the coke drum
is shown in Fig. 1a. The arrows show the location of the fusion
boundary between the first clad layer and the steel. A compi-
lation of the hardness data including all the points in this
hardness map is shown in Fig. 1b. The steel is ASTM A387,
grade 11. This is a nominal 1.25Cr-0.5Mo-0.1C pressure

C Mn Fe P S Si

Cu Ni Al Ti Cr Ta Mo

Other elements
total

BM carbon steel 0.28 0.85-1.20 Bal. <0.25 <0.25
WM ERNiCrMo-3 0.10 0.50 5.0 0.02 0.015 0.50

0.15-040 —
0.50 58.0 0.40 0.40 20.0-23.0 3.154.15 8.0-10.0 0.50
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Table2 Welding type and parameters

Welding type ~ Preheat temp. Interpass temp. PWHT Shielding gas  Flow rate Filler size Current

GMAW 933 °C (200 °F)  287.8 °C (550 °F) 233 °C (450 °F) for4 h  100% argon 14-26 L/min 1.143mm DCEP
(30-55CFH)  (0.045 in.)

vessel steel that would be expected to form mostly untem-
pered bainite and martensite in the HAZ. Peak HAZ hardness
on the order of 350 HV, 3 would be consistent for this steel,
considering that some tempering may occur during applica-
tion of the 2nd and 3rd cladding layers and possibly during
service exposure.

As-deposited Alloy 625 cladding normally exhibits hardness
in the range from 250 to 280 VHN. Thus, the cladding in this
service-exposed sample is much higher than when it was put into
service, indicating that hardening has occurred during service.
The difference in hardness between the 1st layer and the 2nd/
3rd layers is due to the dilution of the Alloy 625 by the steel in the
Ist layer. The dilution effect is also apparent by the difference in
etching characteristics of the 1st layer, as shown in Fig. la.

The increase in hardness of the service-exposed overlay
presumably occurs due to age hardening of the overlay in ser-
vice. Since Alloy 625 contains on the order of 3.5 wt% Nb, the
formation of 'y” can occur if heated into the appropriate tem-
perature range. The formation of substantial y” would result in
an increase in overlay hardness. The microstructure of the 3rd
layer of the overlay after matrix etching is shown in Fig. 2. In
the low-magnification SEM micrograph, the partitioning of Nb
can clearly be seen as the lighter areas at the interdendritic
boundaries. At higher magnification, actual precipitates can
be observed and these are presumably Nb-rich y".

The microhardness data for the aged Alloy 625 samples
prepared in the laboratory and heat-treated per the conditions
shown in Table 4 are shown in Fig. 3. The hardness in the as-
welded condition is the lowest. The highest hardness occurs
after aging at 1300 °F/100 h where the average hardness
reached 326 HV, 3, which is lower than that of the sample
from the field. This may be the result of a much longer aging
time in service which results in further hardening of the Alloy
625 weld overlay or clad actual composition richer in Nb, Al,
Ti (still within the Alloy 625 nominal composition range).
Aging at higher temperatures in the range 760-871 °C

(1400-1600 °F) reduced the hardness of the Alloy 625 weld
overlay below the peak value, probably due to overaging.

3.2 Precipitation phenomenon

Microstructure characterization was used to explain the harden-
ing effect of the aged samples. After aging at 1200 °F for 10 h,
no obvious precipitation was observed except for the blocky
particles (Fig. 4a), even in the interdendritic regions (Fig. 4b).
Since the hardness of sample 1200 °F/10 h is higher than the as-
welded sample, initial nucleation of precipitates may have pro-
moted the slight hardening, but precipitates may be too small to
be observed using metallographic techniques. The blocky par-
ticles in Fig. 4a formed during the solidification and are pre-
sumably primary MC carbides with Nb, Ti, and Mo. These are
very stable carbides and do not dissolve at any of the aging
temperatures used in this study. Thus, the blocky particles are
observed in all the aged samples.

It is easier to distinguish the small precipitates after the
1200 °F/100 h heat treatment, as shown in Figs. 4 ¢ and d.
These precipitates are in the interdendritic regions. After the
1300 °F/10 h heat treatment, a sparse distribution of precipitates
was also observed in the interdendritic regions as shown in
Fig. 4f. A precipitation denuded zone can be seen around the
blocky particle in Fig. 4f. Because the strong carbide formers,
Nb and Ti, combined with C to form the blocky MC carbides,
the surrounding matrix is depleted and y” precipitates do not
form in the adjacent area. Aging at 1300 °F for 100 h, the
precipitates are clearly apparent in the interdendritic regions
with precipitate-free zones at the dendrite cores (Fig. 4g, h).
They are presumed to be mainly y” phase according to the
typical morphology and the aging temperature range.

After aging at 1400 °F for 1 h, the interdendritic regions
could be clearly distinguished and a needle-shaped phase was
observed (Fig. 5b), presumably 6 phase. Although y" phase
may be present, it is hard to distinguish. After aging at 1400 °F

Table 3  Additional welding parameters
Welding Current Voltage Travel steep Wire feed speed
parameters
Layer 1 170-175 A 2324V 762 mm/min 5080-6350 mm/min
(30 in./min) (200250 in./min)
Layer 2 190-195 A 2425V 635 mm/min (25 in./min) 60967112 mm/min (240-280 in./min)
Layer 3 210-220 A 2628 V 635 mm/min (25 in./min) 7112-9652 mm/min (280-380 in./min)
Reminder layer if any 210-220 A 2628 V 635 mm/min (25 in./min) 7112-9652 mm/min (280380 in./min)

@ Springer
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Table 4 Aging conditions of Alloy 625 weld overlay samples (water quench after aging)

1 2 3 4 5 6 7 8 9 10

Holding temperature 1200 °F 1200 °F 1300 °F 1300 °F 1400 °F 1400 °F 1500 °F 1500 °F 1600 °F 1600 °F
(649 °C) (649 °C) (704°C) (704 °C) (760 °C) (760 °C) (816 °C) (816 °C) (871 °C) (871 °C)

Holding time 10 h 100 h 10 h 100 h l1h 10 h 1h 10 h 1h 10 h

for 10 h, yv" precipitates can be observed with an elliptical ~ Fig. 5f. The area with dense precipitation (Fig. 5¢) appears to
shape, up to 100 nm in length. There are also some plate-  be reduced compared to the 1400 °F/1 h condition (Fig. 5a)
shaped precipitates that are probably & phase. Heavy precipi-  probably due to the higher local density of precipitates in the
tation can be seen in the interdendritic regions (Fig. 5c—f) and  interdendritic regions that form during extended aging at
the dendrite core regions contain few precipitates as shownin 1400 °F.

Fig. 1 Hardness map across the a
clad interface of a boat sample

removed from the coke drum. a
Location of hardness map. b
Compilation of hardness data

within the hardness map
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Fig.2 Service-exposed Alloy 625 overlay after “matrix” etch. a Low magnification SEM micrograph from 3rd layer of overlay, b high magnification (x
45,000) showing precipitates. The lighter areas in a correspond to regions of high Nb content due to solidification segregation

The interdendritic regions after 1500 °F/1 h contain both
elliptical-shaped y" precipitates and needle-like & phase as
shown in Figs. 6 a and b. The sample aged at 1500 °F/1 h
exhibits a less dense interdendritic precipitation distribution
than the sample aged at 1400 °F/1 h. Comparing Fig. 6a and
Fig. 6c, the clusters of 6 phase present after aging 1500 °F/
10 h appear to have almost completely replaced the y” phase,
and the few remaining y" precipitates coarsened to 100—
300 nm in length (Fig. 6d). The density of y" precipitates
decreased greatly compared with Fig. 6b. Aging at 1600 °F
results in the formation of even more plate-shaped 6 phase. At
1600 °F/1 h in Figs. 6e and f, both the plate-like & phase and
y" co-exist in the interdendritic regions with the area of pre-
cipitation decreasing relative to the 1400 and 1500 °F heat
treatments. Comparing to 1 and 10 h aging conditions in
Figs. 6 ¢ and g, it can be seen that the clusters of d phase are
more concentrated with thicker 6 phase as aging time in-
creases. This is probably due to the fact that the & phase
(NizNb) consumes more Nb than the y” precipitate.

3.3 EDAX mapping

As a representative example, the result of SEM/EDAX map-
ping of the 1400 °F/10 h sample is shown in Fig. 7. Four phase
fields were present in the EDAX map: blue, red, yellow, and
green and the composition of each phase field is shown in
Table 5. The dendrite core regions mainly consist of blue
and red phase fields. The content of Nb, Mo, and Ti in this
region is relatively low due to segregation during the solidifi-
cation process (Table 5). The interdendritic regions mainly
consist of yellow phase and also small portion red phase.
Table 5 shows that the interdendritic regions have higher con-
tent of Nb, Mo, and Ti, which are responsible for the precip-
itation during aging. The green phase field is only 1% of the
EDX map and corresponds to blocky particles (Fig. 7a, b),
which contain high content of Mo (13.79 wt%) and extremely
high content of Nb (18.32 wt%) and Ti (2.08 wt%). These are
most likely the MC carbides that form via a eutectic reaction at
the end of solidification. The size of any y" precipitates

Fig. 3 Microhardness of Alloy 400
625 weld overlay samples in —~ 350 _ -
different aging conditions. The 8 . - ¢ _ - _
average hardness values are > 300 ; - * - ¢ o - = —
shown with error bars L - - - - 2 ¢ 2 ¢
A 250 L 2 = - -
b -
5 200
®
< 150
2
g 100
2
> 50
0 \ \
& &
F T T T T
& K & & & & K & & & K
& S & & P e & & ¢ & &
¥ N N N N NN RN N

Aging conditions
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present in any of the samples is less than the approximate
1-pm spatial resolution of the EDAX detector, hence not dis-
tinguishable on the map.

3.4 Nanoindentation

The chemical composition and phase distributions in the mi-
crostructure of Alloy 625 weld overlay samples are inhomo-
geneous. Using Vickers hardness testing with an applied load
0f 300 g and the step size of 300 um, only a general averaged
microhardness or VHN can be measured and much of the
detailed information of hardness distribution associated with
v" and 6 phase formation cannot be captured.
Nanoindentation is a better tool to measure the hardness dis-
tribution on the scale of the solidification substructure. As an
example, Alloy 625 weld sample 1400 °F/10 h shows a dis-
tinct difference of phase distribution between the dendrite core
and interdendritic regions (Fig. 5S¢ and Fig. 7a). Figures 8a and
9b, respectively, show the indents matrix and corresponding
nanohardness map. After electrolytically etching with chromic
acid, the dendrite core and interdendritic regions are revealed
allowing the location of the indentations to be seen (Fig. 8c).
Overlapping the nanohardness map on the microstructure, it is
evident that the low hardness regions match the dendrite core
regions and the high hardness regions match the interdendritic
regions (Fig. 8d).

A higher magnification in the yellow framed region of
Fig. 8c is shown in Fig. 9. Clearly, the indentations in the
dendrite core regions show lower hardness than those in the
interdendritic regions with a high density of " precipitates.
Also, when the nanoindentation encounters the blocky MC
carbides, the hardness is especially high, up to 7.476 GPa,
which is the highest hardness spot in Fig. 9.

4 Discussion
4.1 Precipitation behavior and hardness

In the microstructure of Alloy 625 weld overlay samples
in the as-welded condition or aged condition, large,
blocky particles are observed (Figs. 4a, f; 5d, 6h).
EDAX analysis shows that these particles contain high
levels of Nb, Mo, and Ti and the presence of C and N.
Based on previous work, these particles are MC or
M(C,N) that form either during or in the final stages of
solidification. The general stoichiometry of these particles
are (Nb, Mo, Ti)(C, N) and there are specific phases NbC,
TiN, (Nb,Ti)C, Ti(CN) [16], or a mixture of these that
may form in Alloy 625 weld metal. As reported by
Silva et al. [16], the particles may have TiN as the core
and NbC as the shell in an as-solidified Alloy 625 weld
overlay. TiN and NbC have the melting point 2927 and

@ Springer

Fig. 4 Microstructure of Alloy 625 weld overlay samples in different P

aging conditions: a 1200 °F/10 h, b 1200 °F/10 h in interdendritic
region, ¢ 1200 °F/100 h, d higher magnification of the yellow framed
area in ¢, e 1300 °F/10 h, f higher magnification of the yellow framed area
in e, g 1300 °F/100 h, and h higher magnification of the yellow framed
areain g

1325 °C respectively and both are stable phases. Thus, the
TiN forms above the liquidus temperature and the NbC at
the end of solidification in the interdendritic regions. The
solidification range of Alloy 625 is reported to be 1290-
1350 °C [17]. The presence of these particles may influ-
ence the hardness of the weld metal, but they are not the
cause of increased hardening during aging since they are
present in the as-welded microstructure.

Based on morphology, the interdendritic precipitates in
samples aged at 1200 °F/100 h, 1300 °F/10 h, and sample
1300 °F/100 h are most likely the y” phase (Fig. 4). Floreen
et al. [9] also reported that y"” precipitation occurs in temper-
ature range 1100-1400 °F in Alloy 625. When aging at
1300 °F for 10 h, the weld metal microstructure exhibits only
limited y" precipitation. However, after continuous aging at
1300 °F for 100 h, a high density of y" precipitates are formed
in the interdendritic regions and the hardness reached a max-
imum (Fig. 3). Sample 1300 °F/100 h has higher hardness
than sample 1200 °F/100 h, indicating that the 1300 °F/
100 h represents a peak aging condition.

For overlay samples aged at 1400 °F, the hardness de-
creased due to an apparent overaging condition. In effect,
the size of y” precipitates increased over some critical value,
beyond which the hardening effect started to decrease. In ad-
dition, the interdendritic regions of the overlay aged at
1400 °F/10 h contain a mixture of y” phase and 6 phase. &
phase does not contribute significantly to any hardness in-
crease due to its morphology. Also, aging at 1400 °F resulted
in a more localized precipitation in the interdendritic regions
resulting in a higher area/volume fraction microstructure that
is precipitate-free. As a result, the overall hardness of the
sample decreased. Aging at 1500 and 1600 °F results in con-
tinued hardness decrease due to additional & phase transfor-
mation and a smaller fraction of coarsened y” precipitates.

v" is a metastable NizNb (DO,,) phase and § phase is
the stable NizNb (DO,) phase [8]. In this work, the &
phase appeared to form when aged at 1400 °F, but only
to a limited extent. The & phase became dominant over y”
phase at 1500 and 1600 °F. With the increase in the
amount of 6 phase formation at 1500 and 1600 °F, more
localized precipitation in the interdendritic regions left
larger precipitate-free areas. As a result, the overall hard-
ness of the overlay decreased. The clusters of & phase
have a lower hardening effect relative to ", since they
are large, on the order of several microns, and in aging
conditions 1500 and 1600 °F/10 h.
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Fig. 7 The sample with aging condition 1400 °F/10r as a representative a microstructure for EDAX mapping, b EDAX map from a, ¢—f the spectrums of

four different phase fields

4.2 Hardening of the Alloy 625 coke drum weld
overlay

According to available information, the nominal peak
temperature during coke drum cycling is from 475 to
500 °C (885 to 930 °F). Based on the time-temperature-
precipitation (TTP) diagram for Alloy 625 shown in

Fig. 10a [1] [9], this range should be well below the y”
phase formation range. As shown in this figure, tempera-
tures above 1000 °F would be required to form y” phase
with the “nose” of the range at 670 °C (1240 °F).
However, it should be noted that TTP diagram in
Fig. 10 was developed for Alloy 625 base metal which
was fully homogenized prior to aging.

Table 5 Chemical composition of four phase fields shown in Fig. 7

Elements Blue phase field (wt%) Red phase field (wt%) Yellow phase field (wt%) Green phase field (wt%)
Nb 2.97 327 5.04 18.32

Mo 8.72 9.35 12.49 13.79

Ti 0.30 0.36 0.53 2.08

Cr 22.37 29.04 23.52 21.80

Mn 0.30 0.17 0.52 0.51

Fe 0.93 1.03 1.11 0.56

Ni 64.40 56.78 56.78 42.94
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v" precipitates in Alloy 625 weld metal were observed in ~ conditions 1200 °F/100 h, 1300 °F/100 h, 1400 °F/10 h, and
the interdendritic regions (richer in Mo, Ti, Nb) in aging  the nucleation of yv" was observed at 1300 °F/10 h and

Fig. 9 Nanohardness values of
several indentations in the yellow
framed area in Fig. 8c
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Fig. 10 a Time-temperature-precipitation diagram of wrought Alloy 625 [9], b estimated time-temperature-precipitation curve of y” and & phases in the

interdendritic regions of Alloy 625 weld overlay

1400 °F/1 h. Thus, the C-curve for the y" precipitation in weld
metal is approximated by the dashed blue curve in Fig. 10b. &
phase precipitation in weld metal was observed to have started
in aging conditions 1300 °F/100 h, 1400 °F/1 h, 1500 °F/1 h
and 1600 °F/1 h. Thus, the C-curve for the d phase is also
shifted to lower temperatures and shorter times as shown by
the dashed green curve.

The formation of y” involves nucleation and growth. The
driving force for nucleation is undercooling below the equi-
librium phase transformation temperature. Precipitate growth
is controlled by diffusion. While cooling to a temperature
below equilibrium transformation temperature provides a
driving force for nucleation, lower temperatures reduce the

rate of precipitate growth due to reduced diffusion. Thus, there
is an optimum phase transformation rate at a critical
undercooling temperature as shown in Fig. 11a. Therefore,
the time-temperature-precipitation curve must be a long C-
shape with a “nose” as shown in Fig. 11b, namely, the phase
transformation time is shortest when the phase transformation
rate is fastest [18].

As noted previously, the TTP diagram in Fig. 10 was de-
veloped using wrought Alloy 625 [9], which presumably con-
tains more dislocations than the as-welded or as-solidified
Alloy 625. The dislocations are the major nucleation sites
for precipitates like y”. Thus, the nucleation rate curve for
Alloy 625 weld metal moves to even lower temperature and
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results in additional undercooling for nucleation (Fig. 11c).
EDX analysis shows that Alloy 625 weld metal has higher
Nb, Ti, and Mo contents in the interdendritic regions than
the normalized Alloy 625 composition. Thus, the
interdendritic regions of Alloy 625 weld overlay require less
diffusion for the precipitate growth, and the curve moves to
lower temperatures (Fig. 11c). In general, the maximum phase
transformation rate of y” moves to lower temperature.
Probably, in the interdendritic regions of Alloy 625 weld over-
lay, the influence of high Nb, Ti, and Mo contents on diffusion
is more significant than the influence of dislocation density,
the maximum phase transformation rate also increased
(Fig. 11c). Thus, the TTP C-curve moves down and to the left
(Fig. 11d).

In the Alloy 625 overlay weld on the coke drum, the TTP
C-curve of y" phase probably also moved down and to the
left. This will shift the “nose” of the y” precipitation curve in
Fig. 10 to the left and potentially widen the curve, thereby
expanding the precipitation regime to lower temperatures—
possibly to below 1000 °F. This explains why the peak tem-
peratures experienced by the coke drum (885-930 °F) can
result in y" precipitation and subsequent hardening during
extended service exposure. Also, the cycling of the coke drum
from room temperature to close to 1000 °F results in repeated
expansion and contraction of the overlay. This mechanical
“hot working” of the weld metal potentially increases the
dislocation density in the overlay and contribute to a stronger
precipitation reaction than that observed in the laboratory
samples. This may explain why the service-exposed overlay
is nearly 100 VHN higher than the laboratory samples.

5 Conclusions

A thermomechanically aged Alloy 625 overlay sampled from
an industrial coke drum was characterized and compared to a
variety of furnace-aged overlays to better understand the po-
tential cause of cracking in a coke drum. The main conclu-
sions from this investigation are the following.

1) Blocky particles (0.1-1 um) were found in all Alloy 625
weld overlay samples. These are MC(N) particles of stoi-
chiometry (Nb, Mo, Ti)(C, N) that form in the
interdendritic regions by a eutectic reaction at the end of
solidification.

2) " and & phase precipitation were observed in the
interdendritic regions of various furnace-aged overlays
due to relatively high Nb and Mo contents, approximately
6 and 12 wt%, respectively.

3) The dendrite core regions of the overlay were precipitate-
free due to the low Nb content (~ 2 wt%) in these regions.

4) Precipitation of y"” phase was initially found in aging
conditions 1200 °F/100 h, 1300 °F/10 h, and 1400 °F/

1 h in the interdendritic regions. A high density of y”
precipitates was found in aging conditions 1300 °F/
100 h and 1400 °F/10 h. Dissolution and coarsening of
v" precipitates occurred when aging at 1500 and 1600 °F.

5) Precipitation of & phase initially occurred in aging condi-
tions 1400 °F/1 h, 1400 °F/10 h, and 1500 °F/1 h. Larger
plate-like & phase was found in 1500 °F/10 h, 1600 °F/
1 h, and 1600 °F/10 h aging treatments.

6) Nanoindentation shows that the interdendritic regions
with y" precipitates have much higher hardness than the
dendrite core regions. The sample 1300 °F/100 h has the
highest hardness due to an optimum size and distribution
of v" precipitate. The samples aged in conditions
1500 °F/1 h, 1500 °F/10 h, 1600 °F/1 h, and 1600 °F/
10 h have low hardness due to dissolution and coarsening
of y" precipitates and formation of d-phase which does
not contribute to hardening.

7) The high hardness of the Alloy 625 weld overlay on the
coke drum resulted from extensive y” precipitation. In the
interdendritic regions, TTP curves for y” precipitation
regions shifted to much lower temperatures allowing y”
precipitation during service.
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