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Butter-weld Interface Microstructural Analysis Employing NCS and LAMS Sections
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The formation of brittle microstructures around the fusion line in dissimilar welds has required a
deeper microstructural analysis in this region. The study becomes more relevant when these welds are
used in environments that facilitate hydrogen embrittlement. The present work aims to characterize the
microstructure and hardness at the diluted zone interface in joints welded with dissimilar materials.
Aiming for a better efficacy in the microstructural characterization of this zone, samples of both normal
cross-section (NCS) and section with slope were used, according to the low-angle microsectioning
(LAMS) technique, which allows a greater amplification of partially mixed zones (PMZs). The results
indicated the diffusion of carbon from the heat-affected zone (HAZ) towards the fusion line which,
in combination with other alloying elements, form highly brittle carbides. In turn, the hardness of the
base metal and the HAZ was reduced after post weld heat treatment, whereas in the weld metal an
opposite behavior was observed. The dissimilar interface was promising for applications in environments
facilitating hydrogen embrittlement, especially regarding the characteristics of zone ®.
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1. Introduction

The application of dissimilar welded joints is present
in the power generation, petrochemical and transformation
industries'. In the oil and gas extraction system, mainly
offshore, these joints are subjected to very unfavorable working
conditions, both in terms of oxidation and embrittlement
and high pressures®’. These conditions have demanded the
adoption of materials and manufactoring processes that
allow better mechanical properties and a lower sensitivity
to the presence of hydrogen'®!". Among these materials Ni-
based superalloys stand out for their good performance in
terms of mechanical and corrosion resistance'?>. Among the
components of the offshore system that are constituted by
dissimilar welding, there are components such as Manifolds,
Flowlines and Risers'®". These have used high-strength
low-alloy (HSLA) steels, for example 8630 and F22, which
receive buttering weld multipasses with Ni-based weld metal
(e.g. alloy 625 and 725)'4132, In view of the need to meet
the hardness criteria of 22HRC or 250HV 10 specified by
NACE MRO0175 / ISO 151567 for the heat-affected zone
(HAZ), the welded material is subjected to a post weld heat
treatment (PWHT).

The heat generated by passing the welding torch on
the metal surface creates a complex microstructure in the
HAZ that may contain mainly fresh martensite in the base
metal’. The thermal cycle in arc welding consists of rapid
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heating (hundreds of degrees per second), followed by
relatively rapid cooling (on the order of tens to hundreds
of degrees per second)’. The microstructural change in the
HAZ is dependent on the heating and cooling rates which,
in turn, are determined by the welding heat, the thickness
of the workpiece to be welded, the geometry and interpass
temperature'®. Subsequent microstructural changes directly
affect mechanical properties, especially in HAZ, which are
directly interconnected to the hardness of the material®. Thus,
a microstructural characterization process that allows for a
more expanded microstructural survey is of fundamental
importance. In this sense, the low-angle microsectioning
LAMS technique stands out for its ability to enlarge partially
diluted zones (PMZs), due to the sectioning of the samples
with angle less than 90°, thus ensuring a much more precise
microstructural characterization of these zones, thus allowing
a characterization microstructural efficiency of these zones
for the welding and PWHT conditions employed. This way,
one can perform execution of punctual indentations that
specifically cover each zone in isolation. Another important
factor in adopting the LAMS technique is that dissimilar
welding is considerably more complex than welding similar
materials, being characterized by large composition gradients
and microstructural changes around the melting line'.
Even given the hardness criteria specified above, a
number of failures in dissimilar underwater welds have
occurred. The cause is attributed to hydrogen embrittlement
resulting from the cathodic protection process which, in
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turn, is directly associated with the microstructure of the
material, especially the presence of the PMZs around the
fusion line?. The most notable case was that of the Thunder
Horse platform operated by BP in the Gulf of Mexico in
2006'°. Among the materials cited in the literature, the
joints between 8630M / 625 are mentioned in the history
of failures™. The F22 / 625 joint has shown promise due to
the lower carbon content in its composition. The occurrence
of hydrogen embrittlement, among other factors, is due to
the microstructure at the dissimilar interface, mainly due to
the precipitation of carbides?'?2. The microstructure of the
interface is a function of the chemical composition of the
materials, the welding process and the PWHT. The latter has
generated a metallurgical dilemma since, as the hardness of
the HAZ is reduced by the PWHT, the carbon of the base
metal diffuses towards the fusion line?. According to the
PWHT parameters, the carbon can reach the planar growth
zone (P), increasing its hardness, and consequently making
it more susceptible to hydrogen embrittlement, due to the
presence of M_C, carbide*.

The motivation of the present study is the achievement of
amicrostructural analysis of the weld with base metal, forged
steel ASTM A182 F22, buttered with Ni-base alloy, Inconel
625. In this analysis, the techniques of normal cross-section
(NCS) and low-angle microsectioning (LAMS) were used,
the latter allowing an expansion of the dissimilar interface,
thus guaranteeing more reliable punctual microhardness
results for partially mixed zones (PMZs), such as example
® and M, which are usually quite narrow®'®. Considering
the results obtained in the literature for the forged steel
ASTM A182 F22, which aimed to reach an optimal point
for PWHT?, a PWHT of 6 hours at 677°C was carried out
in this work, in order to compare its effectiveness in relation
to other conditions already studied. The results were very
satisfactory both in terms of cost / time and in meeting the
hardness requirements established in the NACE MR0175'¢
standard for subsea applications.

2. Experimental Procedure

2.1 Materials

In the dissimilar buttering layer, forged ASTM A182
F22 steel was used as the base metal (BM) and as the weld

Table 1. Chemical composition (wt%)
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metal (WM) the Ni-base alloy, Inconel 625 (ERNiCrMo-3).
Table 1 shows the chemical composition of both materials.

2.2 Welding process and PWHT

In the buttering process, the Gas Metal Arc Welding
(GMAW) method was used, where the main parameters
are represented in Table 2. The protection of the arc and
the region of the buttering was made by the gas mixture
composed of gases Ar and He, in the proportions of 75% and
25%, respectively. In the buttering, a total of 16 weld beads
were distributed in four layers and each layer was composed
of four beads. This overlap of beads was sufficient to ensure
that after the machining the addition metal was 9.5mm thick
enough to prevent ASTM A182 F22 steel from undergoing
severe thermal input after the application of the joint.

After the buttering process the part was submitted to
a PWHT for 6 hours at 677 + 10°C. In the definition of
these PWHT conditions, the feasibility of the process was
prioritized from the practical point of view, as well as the
condition that presented the parameter Hollomon-Jaffe
(HJP) between the range of 19,500 and 20,000, since the
authors Dai and Lippold® verified, in this range, good
results in reducing the HAZ hardness level of the ASTM
A182 F22 steel. The parameter HJP is defined by Equation
1 and considers the temperature (T) in Kelvin and time (t)
in hours?. In the PWHT, a heating rate of 20°C / min was
used, and the material was cooled in the still air.

HJP = T (20 + log f) (1)

2.3 Extraction and sample preparation for
microstructural characterization

Figure 1 (a) shows the procedure for the extraction of the
samples by the process of wire cutting, while in the images
(b) and (c¢) a comparison of the samples NCS and LAMS.

Bourgeois?’ points out that LAMS can prolong the
transition region by up to 10 times when compared to NCS.
The cut allowed the extraction of samples with an angle of
approximately 8° which, according to the image of Figure
1 (a), comprises the fusion line and the surface in which the
cut was performed (red line), resulting in an enlargement of
approximately sevenfold. The samples had a square cross
section of approximately 20 mm in side.

C Ni Cr Mo Mn Al Nb Si Cu P S Ti Ta Co Fe
F22 0,17 004 2,11 093 035 030 - 0,14 0,04 0,01 0,01 - - - bal.
625 0,01 6431 2234 9,13 0,01 0,09 3,51 006 <001 0,003 0001 021 0,02 003 0,19
Table 2. Welding procedure parameters
Preheat Current Voltage Wire feeding  Welding speed Heat Input BM thickness
temperature (°C) A) V) speed (m/min) (m/min) (kJ/mm) (mm)
280<T <340 199,87 25,85 7 0,21 1,48 30
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Figure 1. Samples (a) LAMS diagram?” (b) NCS image. (c) LAMS image.

The expansion of the transition region by the LAMS
technique allows the analysis of microstructural characteristics
more accurately, especially in terms of Vickers hardness, since
it allows the adoption of loads up to 100gf in the planar growth
zone (P), in the grain outline and in the “swirls” and “islands”.
While in normal cross-sectional samples, Figure 1(b), the
indentations with the mentioned load transcend the PMZ, such
as ® zone and a ‘island’ region. Thus, the LAMS technique,
Figure 1(c), is therefore very important in characterizing the
microstructure and hardness of each zone individually. All
samples were sanded with SiC-based abrasive material, with
granulation of up to #1200 and 3 and 1/4um diamond paste
were used for polishing. Between sanding and polishing the
samples were cleaned with acetone on ultrasound. The etchants,
to reveal the microstructure of the F22 steel, were performed by
immersion in 2% nital solution for 20s. This etch was followed
by electrolytic etching with chromic acid at 10% at 5V voltage
and duration of 30s with the aim of visualizing alloy 625.

2.4 Microstructural analysis

All analyzes were performed around the fusion line
(FL) of the buttering using samples in the as-welded and
after PWHT conditions. In the microstructural analysis we

used an Olympus BX41M - LED microscope with an image
acquisition system, as well as a scanning electron microscope
TESCAN model VEGA 3. By means of the dispersive energy
detector (EDS) the chemical composition of the PMZs of
the dissimilar interface was raised.

2.5 Hardness and microhardness tests

In the hardness and microhardness tests the samples
as-welded and after PWHT were also considered. These
were performed according to the recommendations of
NACE Standard MR0175'¢ and DNV Standard Offshore
OS-F101%, In the hardness tests, normal Rockwell C scale
was used through a Mitutoyo model HR-320MS, while the
microhardness tests were performed on Shimadzu model
HMV-2, with load of 100gf (HV,, ) for 15s.

The microindentations were done in a punctual way (in
the PMZs) and uniformly distributed along the weld metal
(WM), HAZ and BM. In the first situation, LAMS samples
(Figure 1 (c)) were used, due to the high area magnification
that this technique allows. In the evenly distributed assays,
NCS samples were used, which becomes efficient in the
microstructural evaluation of the WM, HAZ and base metal
(BM) regions. Figure 2, shows the demonstration scheme of
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the test procedure, represented by 9 columns of indentations
grouped from 03 to 03. In each group 62 impressions were
made that totaled 186 indentations. The distance between the
impressions of a group was 0.5 mm, as shown in Figure 2. In
addition, it should be noted that, from the five indentations
highlighted in Figure 2, the mean value corresponding to one
point of the curve of the hardness profile curve was taken.
In total, three curves of the hardness profile were obtained,
one being for a group of columns, resulting in the hardness
profile curve presented in section 3.2.

Materials Research

3. Resuslts and Discussion

3.1 Dissimilar interface microstructure in the as-
welded and after PWHT conditions

In the images of Figure 3, the microstructure of the
buttering weld interface for NCS is shown. In the BM region
the zone A (coarse grains) is characterized by the presence
of a more evident decarburization and with larger grains of
ferrite and / or retained austenite, Figure 3 (a). Comparing
the images of Figure 3, it is verified that this region is

Figure 2. Distribution of indentations in the microhardness test.
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larger after the PWHT, indicating that the treatment favored
decarburization of the zone A. The width of this region varies
along the NCS, having an average size of approximately 40
and 80 um, in both conditions as-welded and after PWHT.

Figure 3 (b) shows the predominance of ferrite and / or
retained austenite microstructure in the BM, corroborating the
effect of carbon diffusivity in the vicinity of the fusion line.
Dodge et al.?? observed that high values of carbon activity
are present in ASTM A182 F22 steel when compared to
the addition metal, with the carbon likely to diffuse in the
direction of its thermodynamic activity gradient. Alexandrov
et al.”” observed that after PWHT carbon tends to migrate
from BM to austenitic WM. However, at typical PWHT
temperatures the carbon activity in the weld metal remains
comparatively low. This is attributed to the diffusivity in the
austenite being considerably smaller than in the ferrite and
the solubility of the carbon is higher?.

In the as-welded condition (Figure 3 (a)), the carbides
were more elongated, suggestive of martensitic formation.
While after PWHT (Figure 3 (b)), the microstructure
presented a tempered morphology. This situation has been
associated, in addition to the tempered martensite reaction,
to several carbides, of which we can highlight M C*, M.C »
and M,,C6°. Figure 4 shows the carbide formation curves
related to ASTM A182 F22 steel in quenched and tempered
condition®. Considering the PWHT of 6 hours at 677°C,
represented in Figure 4 by the yellow point, there is a
favoring in the formation of Fe,C, Cr,C, and Mo,C. Among
these carbides mentioned, Fe,C and Cr,C, commonly found
in the interface of dissimilar welded joints, are particularly
sensitive to hydrogen embrittlement. These carbides may
act as hydrogen trapping sites and may be present at the
dissimilar interface of the ARBL-Inconel 625%, providing
a low energy fracture path mainly along the zone M?>3031,

Following the WM in Figure 3 (a), the zone @ is
delimited by dashed lines between the IT and A zones, or
by the discontinuous formations, such as the “beach” type
(red arrow). The zone ® was continuous, with no contour
inside and with microstructural shade suggestive of the

Body-centred cubic(BCC) matrix of alloy 625221, The
formation of this zone is due to the low solidification rate
and the high temperature gradient between the liquid weld
metal and the solid base metal”’. The thickness of this zone
varied and, in general, had a dimension of approximately
10pm. Dodge et al.” found a planar zone with a thickness
of 32 um, applying a lower welding energy. A positive
factor in reducing the thickness of zone @ is the inhibition
of formation of Cr,C,-type carbides in this zone, which may
arise mainly after prolonged PWHT?. Considering that the
time of PWHT employed was 6 hours, as well as the fact that
the authors Dodge et al.* treated the F22-alloy 625 joint for
10 hours and did not observe the formation of this carbide,
the microhardness results presented suggesting an inhibition
of this carbide in zone @. Both the reduction of thickness
and the inhibition of carbides are positive for applications
in environments susceptible to hydrogen embrittlement.

Also related to Figure 3 (a), we highlight the cell and
columnar dendritic zones (blue arrow) that make up the
microstructure of the weld metal. Figure 3 (a) shows the
cellular dendritic zone (IT), located above the zone ®. The cell
dendritic zone is formed due to a change in the solidification
rate and temperature gradient”’. The columnar dendritic region
is characterized by the absence of dilution of the base metal
as well as by the strongly oriented granulation according to
the welding direction. The presence of precipitates of Nb,
Mo and Cr in the interdendritic and grain boundaries of
alloy 625 is mentioned in the literature*>32,

The dilution at the dissimilar interface of buttered welds
as-welded and after PWHT was raised via EDS to define
the partially mixed zones (PMZs).

In Figure 5, in the section from 13 to 43 um, it was
verified that the increase of Fe presented a milder gradient,
being accompanied by reductions of Ni, whereas Cr and Mo
showed practically no alterations. When the amplified SE
image is observed and shown below the graph, it is verified
that the behavior of Fe in this section comprises the entire zone
@ and part of zone A. In relation to the zone @, this presence
of Fe was already expected, considering that it is frequently

Figure 3. Microstructure, NCS, of the butter-weld interface. (a) as-welded (500x). (b) after PWHT (500x).
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Figure 4. Formation of carbides in ASTM A182 F22 steel, with
respect to temperature and time applied in the PWHT**

quoted in the literature in works employing the GMAW
welding process for low alloy steel-Alloy 625. Dodge et al.
associate the presence of Fe in the zone ® with the fact that
the greatest composition changes occur in regions of planar
solidification compared to the cellular dendritic areas (IT).

Figure 5. EDS, from the NCS, the butter weld interface as-welded.

Materials Research

With respect to the 43 to 49 um stretch of Figure 5, a
steep increase of Fe is observed, whereas Ni and Cr behave
in opposite ways. Mo, on the other hand, presents a very
discrete reduction. Correlating the graph with the SE image
of the magnification of the mapping line, two important
pieces of information are verified: the first is the fact that
the cited stretch is also associated with the zone A of the
HAZ of the base metal, in this way it is observed that the
dilution between BM and WM occurs before the melting
line. Soysal et al.** associates the composition gradient at
the dissimilar interface with the partial mixture between
the liquid base metal and the melt pool, which, among
other mechanisms, may be associated with the convection
phenomenon in this mixture. The second information is that
the welding process promoted a high content of Cr and Ni
in the zone A, supporting the previous discussion regarding
the presence of Cr,C, carbide in ASTM A 182 F22 steel. The
increase in Ni content favors the stabilization of austenite
in the zone A, as well as reducing the temperatures A and
A, in the “swirls”"’.

Finally, the stretches from 0 to 13um and from 49 to
80pm correspond respectively to the regions of WM and
BM whose compositions did not suffer significant partial
mixtures, prevailing the original composition.
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With respect to the EDS result of the butter welding in the
condition after PWHT, Figure 6, for the 15 to 28 um stretch,
gradients of compositions similar to that of the material as
welded were verified, proving the occurrence of dilution in the
Aand © zones. In the 7 to 15 pum stretch, a soft composition
gradient is observed in the cellular dendritic zone (IT). As
mentioned previously, some authors such as Beaugrand,
Smith and Gittos*® mention that zones @ and IT constitute
PMZs. Also with respect to Figure 6, similar to the material
as-welded, the presence of a higher Cr and Ni content in
the zone A was also verified after PWHT. Considering that
during this treatment the diffusion of carbon is favored, this
result reinforces the presence of Cr,C, carbide in ASTM
A182 F22 steel.

The following are the optical microscopy images of
the buttering weld of LAMS samples as-welded or after
PWHT. Initially, it is important to note that the martensitic
microstructure was not observed in buttering weld as-
welded. In Figure 7 (a) formations of the type “swirls”
and “islands”, were presented with a microstructure
similar to the one of the ferritic matrix. However, the
microhardness values of these formations were close to

300 HV, , according to examples shown in Figure 7 (a).

0.1°

Figure 6. EDS, from the NCS, the butter weld interface after PWHT.

Thus, for joint F22-alloy 625 in as-welded condition, the
results suggest the presence of retained austenite (RA) in
the “swirls” and “islands”. Note the point at 43 um in the
EDS of the buttering welded as-welded, Figure 5 shows
that the partially mixed zone has a nickel content close
to that of the weld metal without dilution (0 to 13 um).
Probably, the higher nickel content generated a dilution
in the region of these formations which, together with
the cooling rate, favored the stabilization of the retained
austenite at room temperature.

Figure 7 (b) shows the existence of macrosegregation,
evidenced by dark regions in the base metal, known as zones
M. These zones are characterized by the microstructural
similarity with the base metal, having a very significant
presence of martensite. Among the forms of presentation
of the zone M, Figures 3 (b) and 7 (b), a predominance of
the types “beaches” and “swirls”, were quite defined. The
authors Dodge et al.?*> and Fenske et. al.>! mention that this
type of formation is independent of the PWHT, being due to
the welding parameters. Alexandrov et al.'’, when studying
weld 8630/625, found that the dilution between WM and
BM may favor during the PWHT the partial or complete
reversal of austenite in the “swirls”.
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Figure 7. Buttering weld LAMS. (a) As-welded (500x). (b) MO from "swirl" (500x). (c) e (d) MEV of the region comprised by the red

rectangle, respectively, (2000x) e (5000x).

In the MEV images of Figure 7 (c¢) and (d), which
correspond to the red rectangle region of Figure 7 (b),
elongated microstructures are observed, suggesting martensitic
formation. The Vickers microhardness values, in the vicinity
of this microstructure (Figure 7 (b)), were approximately
400HV, ,
Authors Dai & Lippold'” observed the presence of martensite
in the PMZs of samples of steel treated 8630 above 600°C,
this formation being justified by the occurrence of austenitic

which are compatible with this type of formation.

transformation during the PWHT. They found that, even at
very low cooling rates, this martensite formed and exhibited
hardness levels around 330 to 450 VHN.

As for the martensitic formation, verified after the PWHT
of 6 hours at 677°C, it may have been due to a saturation of
carbon in the retained austenite (RA), promoting martensitic
formation with air cooling. Likewise, authors, Fenske et
al.?! mention that the high content of Ni can reduce the

temperature A, making it lower than the temperature

of PWHT, faV(():;ing the reactivation in the discontinuous
PMZs with microstructure of the base metal, consequently
generating martensite after cooling.

Finally, the results of EDS presented indicate that the
PMZs is composed of the zones A, ®, [T and M. With the

exception of zone A, the other three zones mentioned are in

accordance with the definition adopted by Beaugrand, Smith
& Gittos®. It is important to note that compositional changes
within these zones have been considered independent of
the duration of PWHT, indicating that it occurs during the
welding process®!.

Another observed formation in the welded joint studied
was the “islands” shown in Figure 8, which, unlike those
specified in Figure 7, showed WM microstructure being
surrounded by BM. The observed formation suggests the
presence of mechanism in which the liquid temperature of
the melt pool is greater than the liquid temperature of the
base metal. The presence of this mechanism together with
the convection of the fusion pool may favor the presence
of this formation.

In the image of Figure 8 (b), we can see formations
that have been called “fingers”, and correspond to the WM
penetration in BM. Several authors, among others, Alexandrov
et al.'” characterized the microstructure of this formation as
austenitic, similar to the planar zone. Although the formations
are present in the material after PWHT, Fenske et al.?!
attribute the presence of these formations to the welding
process and not to the PWHT. These authors observed,
during the solidification, very steep temperature gradients
in the planar growth zone (®). Thus, during solidification,
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Figure 8. LAMS optical microscopy of buttering weld after PWHT. (a) "Islands " (200x). (b) "fingers" (1000x).

the liquid which may have a temperature lower than the
solid phase, together with the convection of the melt pool,
can promote penetration and solidification of the “fingers”.

3.2 Hardness and microhardness in the as-welded
and after PWHT conditions

The hardness and microhardness tests were performed on
the buttering welds as-welded and after PWHT. Regarding
the weld beads, the hardness tests were performed in the
transverse (ST) and longitudinal (SL) sections. In Figure 9, the
average values of Rockwell C hardness with their respective
standard deviations can be verified for ST and SL. For the
analyzed sections indentations were performed in four regions,
base metal (BM), HAZ and weld metal (WM - 1st and 2nd
beads), in accordance with NACE MRO175'6.

Figure 9. Mean Rockwell C hardness with standard deviation for the
BM, HAZ and WM regions (1st and 2nd beads) for the buttering weld.

Analyzing the results presented in Figure 9, it was
observed that in the as-welded condition, the BM and HAZ
of the buttering weld, in both sections SL (green) and ST
(light blue) presented average values between 26 and 28
HRC. These results were already expected due to the use
of ASTM A182 F22 in the forged state, as well as the fact

that the welding thermal input and the subsequent cooling
favor the formation of microstructures with high levels of
residual tension and hardness in the HAZ. In relation to
the 1st and 2nd weld beads, sections SL (green) and ST
(light blue), there was a hardness increase of the 2nd layer
of filler metal in relation to the 1st layer, for both sections.
This behavior may be related to the precipitation hardening
coming from the thermal supply of the multiple beads of
the buttering weld.

From the dark blue (SL - after PWHT) and yellow (ST
- after PWHT) columns of Figure 9, it is observed that the
mean values of hardness together with the standard deviation
values are close to 18HRC for the BM and HAZ regions. This
result shows that the HJP of 19,742 allowed the reduction,
which was expected, of the HAZ hardness level. The materials
applied in environments containing H,S in the production
of oil and gas must meet, among other criteria, the hardness
levels established by NACE MRO0175', in order to reduce
hydrogen embrittlement. This standard states that after the
PWHT the maximum hardness of the BM and HAZ should
not exceed 22HRC. In the case of weld beads, dark blue
(SL - after PWHT) and yellow (ST - after PWHT) columns
of Figure 9, a hardness increase is observed for both the
Ist and 2nd weld beads, suggesting that the PWHT also
promoted precipitation hardening in the multipass cords of
the buttering weld.

Figure 10 shows the microhardness profiles, with 95%
reliability, for the samples extracted along the NCS of the
buttering weld as-welded and after PWHT. These profiles
were obtained from the arithmetic mean of the three profiles
that were raised according to the detail of Figure 3.

In the as-welded condition, red curve, the microhardness
results of the weld metal were lower than the HAZ and
the base metal. In the three analyzed regions a behavior of
non-uniform hardness was verified, being this fact more
accentuated in the region of the HAZ. Dai & Lippold® found
similar behavior in this region, which was associated with
the tempering effect of the multibead overlapping process.
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Figure 10. Mean Vickers microhardness profiles (NCS) of the WM,
HAZ and BM regions.

In the stretch between 1 and 2 mm, Figure 10 shows peaks of
hardness (minimum value of 340HV ) that may be associated
with the presence of a refinement of the HAZ structure in
this region. Differently from the 0 to Imm and 2 to 4,5mm
stretches corresponding respectively to the regions near the
fusion line (FL) (Figure 6.3) and transition (HAZ - BM)
that presented ferrite with coarse granulation. Fenske* cites
the presence of a microstructure, in the HAZ, composed of
regions of coarse grains, refined and recrystallized.

Similar to the as-welded condition, the microhardness
results of the buttering weld after PWHT, black curve, were
obtained. The obtained hardness profiles behaved in the
opposite way, that is, while the hardness decreased in the HAZ
and BM, an increase in the weld metal was observed. The
heterogeneity mainly in HAZ was maintained after PWHT,
however a significant reduction was observed in the peaks of
hardness previously mentioned, whose maximum value was
255HV0’1. When the margin of error of 5% is considered, it
is observed that the hardness results of the HAZ were close
to the value of 250HV specified by NACE MR 0175'.

From the results presented in Figure 10, the mean values
and standard deviations for the WM, HAZ and BM regions
were raised, the results of which are shown in Figure 11.
With respect to the WM of this Figure, a 17% increase in
the average value of hardness was observed, suggesting
that PWHT promoted precipitation hardening. For the HAZ
region (Figure 11), it can be observed that, in terms of mean
values, the PWHT allowed a reduction of the hardness by
25% where, despite the peaks of hardness verified in Figure
10, the mean values were below 250HYV, therefore, within
the scope of the recommendations of the NACE MR0175'
standard. Finally, the mean values for the BM region (Figure
11) behaved in a manner similar to those of the HAZ.

In the graph of Figure 12 the mean values of punctual
microhardness along with the standard deviation for the
areas A, @, I1, RA and M are shown in the as-welded and
after PWHT conditions. Complementing the punctual
microhardness values shown in Figure 7(a) for retained
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Figure 11. Mean and standard deviation of Vickers microhardness
(LAMS), regions of (WM), HAZ and (BM), as-welded and after
PWHT.

austenite (RA), more examples can be seen in Figure 13
for A, ® and M zones.

Figure 12. Mean microhardness values and standard deviation
for PMZs.

With respect to zone A the data of the graph of Figure
12 demonstrate that after PWHT this zone presented a mean
hardness of240HV , | according to NACE MR0175'standard.
However, it is worth noting that, when considering the standard
deviation, values higher than 250HV | of the aforementioned
norm are considered. Thus, in contrast to the results of HRC
hardness and uniformly distributed microhardness, which
showed that HAZ met the standard even considering the
standard deviation, the punctual microhardness confirms the
presence of harder regions in this zone after PWHT.

Considering the hardness results of zone @, Figure 12,
it is verified that the hardness level of this zone remained
practically unchanged after PWHT. This behavior is very
promising for the application of the joint in environments
facilitating hydrogen embrittlement, since they demonstrate
the non-favoring of carbides in zone ®, which have been
closely related to the failures of these joints. It is important
to note that this area had an average hardness of 260HV |,
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Figure 13. MO with microindentations in the PMZs. (a) zones @ and A. (b) zones A, M, ® and II.

according to Dai & Lippold* who observed values above
250 HV, for this zone. They mention that this zone admits
higher hardness values after the PWHT, since it is narrow
when compared to the region of coarse grains of the HAZ,
which causes the diffusivity of the hydrogen in the @
austenitic zone to be smaller than in the region of coarse
grains of the HAZ%. Furthermore, Dodge et al.?* cite that
the precipitation of carbides in the weld metal can affect the
mechanical performance of the dissimilar joints.

For the zone IT the results of Figure 12 show an expected
increase of the microhardness after PWHT, fact that was also
verified in the other tests of hardness raised in the weld metal.
Possibly this fact is associated with precipitation hardening.

In the last two columns presented on the right side of
the graph of Figure 12, the results for RA and martensite,
respectively, as-welded and after PWHT are obtained. As
can be seen, the mean hardness level of 300 = 48.3 HV s
consistent for the retained austenite, as well as 400 + 38.6
HVO.]’
PWHT favored the formation of martensite and, corroborate

consistent with martensite. These results suggest that the
with the microstructure presented in the images of Figure 13(b).
4. Conclusions

In this work, the influence of the welding process and
PWHT on the dissimilar interface of ASTM A182 F22 steel
with alloy 625 was investigated. Thus, based on the research
developed, the following conclusions were reached:

The welding process favored the dilution of Ni in the
zone A, contributing to the presence of retained austenite
(RA) at the dissimilar interface. In turn, after PWHT, zone
M presented with characteristics of fresh martensite.

The low-angle microsectioning (LAMS) technique
allowed the use of the load level (HVO,I) in the PMZs.

It was observed that the PMZs consisted of A, @, IT and
M zones. It was also observed formations such as “swirls,”
“beaches”, “fingers” and “islands”.

The buttering of ASTM A182 F22 steel - alloy 625 met the
hardness criteria recommended by NACE MRO0175 for HAZ.

With the LAMS technique it was possible to verify that
the zone M presented with hardness above 400HV , , proving
the carbon diffusion in the base metal.

From these results it can be concluded that the LAMS
technique is very important in the hardness survey around
the melting line.
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