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ABSTRACT:

The Gas Tungsten Arc Welding (GTAW) between P22 (2.25Cr-1Mo) and P91 (9Cr-1Mo) steels are quite common in
heavy vehicle structures like; raihvay locomotives and war (or combat) vehicles. After welding, high hardness values of
the Heat-Affected Zones (HAZs) of these dissimilar weld joints are possibly obtained. The uneven hardness in HAZ
comes from the austenite transformation to Martensite, because of highly uncontrolled cooling rates. The considerable
difference in hardness among various zones leads to prior cracking and is bound to failure during high-temperature
operations. Therefore, there is a dire need to establish an appropriate Post Weld Heat Treatment (PWHT) to temper the
dissimilar weld joints for required durability. The studyv investigates the microstructure and mechanical properties of
various erupted zones of steel, before and after the application of PWHT. Before and after PWHT, weld zone and HAZ
in P22 and P91 are mechanically tested and metallurgically examined. Further PWHT is tried to be optimised
strategicallv and statistically, for the least variation in hardness among different zones. So that anv failure due to
thermal stresses or strains, during normal running conditions can be avoided.
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industry [4]. TIG fusion welding remains a major joining
1. Introduction process for the manufacturing of steam generator
components. Due to large temperature gradients, narrow
heat-affected zones (HAZ) are formed in the base metal
on either side of the weld-bead [5, 6]. This causes the
heterogeneous distribution of microstructure and leads to
a large gradient in the strength values across the weld
joints. The presence of a soft inter-critical HAZ is often
regarded as a weak link and life-limiting region of a
weld joint due to its inferior creep strength [7-8].

The inferior creep strength of the inter-critical HAZ
results from preferential accumulation of creep
deformation coupled with extensive creep cavitation due
to micro-mechanistic effects of constrained deformation
and development of damage, commonly known as type-
IV cracking [9, 7. 10]. Apart from the heterogeneous
microstructure across HAZ, many residual stresses are
generated due to weld thermal cycle adds to the strength
gradient in the weld joint [11]. After TIG welding
between P91 and P22 steel alloys. extreme hardness
variation, because of HAZs is obtained. Further during
water flow in pipes, if un-heat-treated steels will be used,
it results in great affinity of hydrogen at dissimilar weld
joints and starts its abrupt cracking [12]. P91 HAZ has a
higher hardness value than P22 HAZ. because of ifs

The addition of alloying elements not only improves the
hardenability but also improve the corrosion and
oxidation resistance of alloy steels [1]. It not only
increases high-temperature properties, but also increases
resistance to abrasion. The modified 9Cr-1Mo steel has
been developed by the addition of strong carbide/nitride
forming elements such as Va and Nb, which is also
known as P91 or grade 91 steel. It offers a good
combination of high creep strength and ductility over
long exposures at high temperatures [2]. The good
weldability and microstructural stability over long
exposures at elevated temperatures are other aftractive
features for 2.25Cr-1Mo (or P22) steels. Because of the
versatile desired properties of P91 and P22 steels, the
joining of these dissimilar steels is unavoidable, while
fabricating heavy wvehicle structures and in boiler
systems of power plants [3]. Whether it may be welding
condenser tubes in railway locomotives or heat
exchanger tubes in thermal power plants, P91 and P22
dissimilar steel joints cannot be avoided. TIG welding is
the most reliable and frequently used procedure for
commercial welding in power plant and petrochemical
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higher harden ability. The interaction between very high
hardness microstructure with hydrogen results in crack
initiation [13]. Moreover, the residual stresses during
welding will not be relieved that can also cause the
failure of dissimilar joints [14]. Thus., the hardness
variation in base metal. HAZs and welded joint needs to
be reduced for reliable performance of fabricated parts.
PWHT is helpful to change the phase transformation
from Martensite to ferrite and is required to temper the
undue thermal stresses and strains. So., an optimized
PWHT seems to be the only solution, to create
homogeneous microstructure and hardness, all over the
welding joint of P91 and P22 materials.

The carbide depletion in P22 weld metal adjacent to
the fusion line of P91-P22 dissimilar welds and its effect
on the weld strength had been considered [15]. The
carbide coarsening and microstructure degradation
during service would result in deterioration in creep
strength. A range of microscopy techniques.
predominantly transmission electron microscopy had
been applied to understand the effect of thermal histories
on the microstructure of the materials [16]. Pressure
equipment in service had to undergo high pressure and
stresses [17]. Tammasophon et al [18] studied
experimentally the optimal post-weld heat treatment
(PWHT) condition of TIG weld joint between P22
(2.25Cr) and P91 (9Cr) steels using Inconel 625 as filler
metal. The PWHT at 750°C for 2. 4 and 6 hours was
applied to reach the proper microstructure and hardness
for high performance in mechanical properties at
elevated temperatures [19]. It was found that PWHT
provided more homogeneous microstructures after the
welding process and reduced hardness differences in
welded microstructures [20]. This further could lead to
being a decrease in weld cracking and hence most
suitable PWHT condition for TIG weld joints erupted at
750°C for 2 hours. This condition provided the minimum
hardness of the weld zone between P91 steel and weld
metal as well as the minimum hardness difference
between P91 and weld-bead [6, 8].

The effect of PWHTSs on the evolution of precipitate
phases in dissimilar metal welds made between (9% Cr)
P91 alloy and (2.25% Cr) T/P24 alloy had been studied
[7. 21]. A lot of research [22-27] has been conducted on
materials characterization and its optimization by
conventional processes. But a little work has been done
on the joining of dissimilar alloys by TIG welding and
its behavioural investigation after weld heat treatment.
Thus, in present work, the joining of P-22 and P-91 steel
alloy specimens is done by using TIG welding. Also, the
importance of hardness variations among different heat-

affected zones is rarely being considered. Micro-
structural studies are indispensable for studying micro-
hardness behaviours [19]. Lack of optimum PWHT
process for P91 and P22 joints had triggered several
boilers bursting accidents in past. Quantitative analysis
has always had a cutting edge over qualitative one [21,
28]. However, statistical analyses have rarely been used
to bring any real-world optimization in this sensitive
issue of PWHT.

2. Materials and methods

P91 and P22 grade steel pipes (having diameters of
36mm, 6mm thickness and 300mm length) are welded
together, the hardness values of HAZ of P91 steel is over
350VHN, due to its martensitic microstructure. P91 steel
alloy had the maximum hardness up to 265VHN, while
P22 had a maximum of 173VHN. However, the hardness
value of P22 HAZ is not more than 350VHN. P91 HAZ
had a higher hardness value than P22 HAZ because of ifs
higher hardenability. The interaction between the high
hardness microstructure with hydrogen could result in
the crack initiation. The hardness is varying dramatically
from 173VHN to 350VHN along the same length of pipe
sample. This would also trigger cracking from the
weaker and softer microstructure, as it interacts poorly
with suddenly harder and fine structure, in the presence
of high temperature and pressure conditions. After
resizing the pipe samples, the welding process is
executed by using electrodes ER-90SB9. The hardness
was found to be almost uniform for both the alloy steels
before welding. The temperature had been raised by
preheating and allowed to homogenize at 250°C. For the
close monitoring of temperatures, infrared pyrometers
are used at the outer surfaces of the pipes. Fig. 1 shows
the specimen welded after TIG welding. Table 1
provides a step-by-step comprehensive experimental
procedure. The first step is to prepare the sample
according to ASME standards. The pipes of dissimilar
steels P91 and P22 are welded with TIG welding. After
required characterization, zone-wise hardness before and
after PWHT would be compared through data
distribution curves.

Fig. 1: Specimen fabricated after TIG welding

Table 1: Experimental plan

Steps Description Tools / techniques used
1 Welding of dissimilar materials with filler metal GTAW (TIG) welding
2 Visualizing metallic structures of weld (zone wise) Optical microscopy
3 Assessing hardness behaviour among various zones (after TIG welding) VHN hardness tester & one-way ANOVA
. . . . . Sample preparation. Muffle furnace &
4 PWHT (Holding time varies from 8 mins. to 135 mins.) plep Tg 0-way ANOVA
5 Prediction of zone wise hardness at shortlisted holding time Multi-vary chart
6 Demonstration of hardness vari?ltion_ among consecutive zones at optimized One-way ANOVA
olding time
7 Verification of metallic structures (15 samples at optimized holding time) Sample preparation & Optical microscopy
8 Hardness comparison within the respective zones (before & after PWHT) Data distribution curve
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3. Results and discussion

From the literature survey, it is estimated that five zones
namely P22 & P91 base metals, HAZ of P22 & P91 and
Weld zone had been generated as described in Fig. 2. For
the estimation of microstructural characterization, the
samples are prepared and examined respectively by a
suitable optical microscope. The microstructure of P22
and P91 base metals (after TIG welding) had polygonal
ferrite embedded in bainitic ferrite matrix and tempered
Martensite structures, respectively (Fig. 2). The
tempered Martensite structure of P91 steel is responsible
for its high hardness value. The ferrite structure of P22
steel helped it to maintain good weldability and
machinability. The microstructure of P91 HAZ is found
to be different from P91 base material. HAZ P91
contained Martensite and retained austenite structures,
while HAZ P22 consisted of ferritic bainitic
microstructure with finer grains, as compared to its base
metal [29, 30]. The change in initial microstructure
during welding is responsible for high hardness values of
corresponding HAZs formed. Further, the micro-
structure of weld pool/bead formed between P91 and
P22 grade steels is delineated in Fig. 2. The weld pool
comprised of bigger grain sizes of Martensite and
retained austenite structures. Some carbide precipitates
are also seen in the microstructure, because of chromium
and carbon present in austenite phase which reacted
further with the atmosphere and made this zone much
harder than the others.

Fig. 2: Optical microstructure at respective zones

After welding, P22 base metal had a polygonal
ferrite structure, whereas its HAZ contained ferritic
bainitic one. The weld pool possessed Martensite with a
large grain size along with retained austenite structure.
On the other hand. optical microscopy pinpointed the
tempered Martensite structure of P91 base metal and
coarse austenite structure of its corresponding HAZ
region. After metallographic examination, the Vickers
hardness test is carried out at a 10kgf load. All the
samples are closely monitored to estimate the hardness
of different zones formed during welding.

3.1. Analysis through one-way ANOVA

This statistical test had been conducted by using
Minitab-17 software. The purpose of using ANOVA is
to investigate the change in hardness among different
zones (erupted during TIG welding) with 95%
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confidence. After calculating a test statistic, the p-value
was generated as 0.0001 (<0.05), which implied the
quantitatively significant variation in hardness among
various zones. The R? and R (predicted) were found to
be around 90.94% and 90.42% respectively. This
signalled about the authenticity of considered
independent variables and further deduced the perfect
fitness of ANOVA model over the given problem. The
box plot is plotted (as elaborated in Fig. 3) where each
box represented a middle 50% hardness variation
observed in the corresponding zone. The blue dot
signified the mean of corresponding samples and found
to be 202.417, 310.47, 337.139, 331.917 and 232.444
VHN for P22 base metal, P22 HAZ, weld pool, P91
HAZ and P91 base metal, respectively. Among these,
weld pool zone had a maximum mean hardness value,
whereas P22 base metal had a least. Outlier is
represented by asterisks (*) and is found at 288VHN.
The base materials had almost coincided mean and
median, but their respective HAZ regions had a large
gap. This illustrated the rapid and large variation in
hardness at HAZ zones than the welded bead. From the
above discussion, it could be predicted with 95% surety
that there is a sufficient statistical difference among
mean hardness, as far as various zones are in question.
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Fig. 3: Zone-wise boxplot

PWHT of 10 samples is done at the various holding
times as discussed in the experimental plan. The mean
hardness values of different zones after PWHT are
encapsulated in Table 2. The first column demonstrated
various holding times for 10 samples. while as remaining
five columns showed the hardness achieved after PWHT
for different zones (i.e. P22 base metal. P22 HAZ, weld
pool, P91 HAZ and P91 base metal respectively). Each
hardness value is an average of three independent
readings at same holding time for corresponding stratas.
It is observed that the hardness of all the zones had been
decreased after PWHT. But variation among various
zones is still to be assessed. This sensitive job is done by
applying two-way ANOVA on the spotted data.

Table 2: Region-wise hardness obtained after PWHT

Time (min.) P22 P22 HAZ Weld pool P91 HAZ P91

8 155 149 180 195 165
15 151 145 185 190 16l
30 187 184 214 207 200
45 184 184 206 186 193
60 127 139 175 181 136
75 137 152 181 173 167
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90 139 154 169 189 186
105 138 159 171 182 189
120 143 159 183 191 179
135 177 184 171 183 181

3.2. Analysis of hardness through two-way
ANOVA

The trends of harnesses obtained after PWHT are
analysed by using two-way ANOVA with 5% acceptable
error. The hardness analysis is unleashed with respect to
region and holding time simultaneously as in Fig. 4. As
the generated p-value is found to be less than 0.05 for
both the parameters, it signified the importance of these
variables as far as hardness is concerned. The mean
hardness values (region wise) had been plotted and came
out to be least for P22 base metal and maximum for
P91HAZ. The mean hardness for different holding times
(in minutes) for various samples had been varying from
168.8 to 198.4 VHN. The next outcome of two-way
ANOVA is the main effect plots for microhardness as
shown in Fig. 5. Minitab created the main effect plot by
plotting the hardness mean for both the factors (region
and holding time) separately. The hardness first
increased sharply with the increase in holding time (from
8 min. to 45 min.) and then decreased abruptly with a
further increase in holding time. But after 60 min. of
holding, the gradual increment in mean hardness is seen.

Two-way ANOVA: Hardness (VHN) versus Region, Holding Time (in mins)

Source DF 55 MS F P
Region 4 8463.7 2115.92 17.68 0.000
Holding Time (in mins) 9 8456.5 939.61 7.85 0.000
Error 36 4308.7 115.65

Total 49 21228.9

S = 10.94 R-Sq = 79.70% R-Sq(adj) = 72.37%

Individoal 95% CIs For Mean Based on
Pooled StDev

Region Mean pommm o fim===——=e= =
P22 153.8 (-———- Fomm )
P22 HAZ 160.9 (=== [ )
=2 175.7 [ )
P51 HAZ 187.7 [ —
weld pool 183.5 == [ —— )
; mms=ss=sswe=se==== +
156 168 180 152
Holding Individumal 95% CIs For Mean Based on
Time (in Pooled StDev
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Fig. 4: Two-way ANOV A statistics
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Fig. 5: Main effect plots for hardness w.r.t holding time & region
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Fig. 6: Scatter plot for hardness vs. Holding time

The lowest mean hardness value is coming at 60 min. of
average holding time, whereas the highest is at 30 min.
The P22 base metal had the lowest mean hardness
(154VHN) but P91HAZ had the highest hardness value
(188VHN). After considering both plots concurrently, it
had been observed that the overall mean hardness value
is impending around 172VHN. Further the cumulative
scatter plot for hardness w.rt. holding times and
different zones are delineated (Fig. 6). This graph is
predicting the fact that how hardness variation is quite
low for P22 base metal and P22 HAZ area, while it has
too steep for the region P91 base metal and P91 HAZ,
consecutively. The least hardness values are obtained at
around 60 and 75 min. of holding time. The scatter plot
for the hardness and holding time is depicting the strong
linear positive relationship between the two wvariables.
With the help of hardness data acquired after PWHT, a
chart is plotted (Fig. 7). The graph contained hardness
values along Y-axis and respective regions on X-axis,
after PWHT. For representing the different holding
times, unique symbols had been used. All the hardness
values lied near linear mean square line. It is obvious
from the above findings that at a holding time of 68 min.
(during PWHT) the individual hardness value of each
region had been dropped sufficiently and even the range
of hardness variation among different regions is reduced.
appreciably. The PWHT is performed at a holding time
of 68 min.. Further, data is analysed by using one-way
ANOVA to judge the hardness behaviour among
different corresponding zones.

Holding
Time (in
mins)

$900BOOCR®® &0
HERBIBaEGe

P‘IJI P‘J].lHQZ

Region

Piz P22 'HAZ mu'pocl

Fig. 7: Multi-vary chart for hardness vs. Distinctive zones

3.3. Behavioural analysis through ANOVA

The tab report had illustrated the f-value as 2.99 with a
degree of freedom (DoF) of 4. The R square and R?
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(adjusted) values are estimated as 92.64% and 90.98%
respectively. The p-value of 0.095 is determined and is
greater than a-level chosen. Hence it could be concluded
that there are no quantitatively significant differences
existed in hardness of different zones. when PWHT is
carried out at 68 min. of holding time (Fig. 8 for
complete demonstration). A boxplot is drawn to examine
the centre and spread of hardness across various regions.
The blue point indicated the mean hardness value of a
particular zone and was found to be 172.688, 174.063,
177.813, 176.813 and 175.5VHN for the regions P22
base metal, P22 HAZ, weld pool. P91 HAZ and P91
base metal respectively. The line joining mean hardness
values of all the zones remained almost linear, which
implied an almost similar hardness range in different
regions at 68 min. of holding during PWHT.
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Fig. 8: Boxplot for various zones

To support the results achieved from the hardness
tests after PWHT (at average holding time of 68 min.),
the samples had further been scrutinized under an optical
microscope. Figs. 9(a) and 9(e) represent the
microstructures of P22 and P91 base metals after PWHT
at 750°C for 68 min. of holding time. There are no
optically significant differences in microstructural
characteristics detected. However, received micro-
structures had tempered Martensite, which consisted of
some carbide precipitations near the grain boundaries.
Similar characteristics are also unearthed in P22 & P91
HAZ regions, as these had ferrite and ferrite with
carbides structures (Figs. 9(b) and 9(d)). Overall, grains
became finer after PWHT. Further. the microstructure of
the weld zone at Fig. 9(c) is comprised of Martensite
matrix with retained austenite, which is quite like the
structure of P91 base metal. The value of the carbon
mobility at a usual temperature of creep resistant steel
(500°C to 700°C), carbon redistribution could be
expected during high-temperature exposure of dissimilar
metal welds. In the present case, the carbon diffused in
the direction of its thermodynamic activity gradient and
therefore the two types of areas formed near weld zone
i.e. carbon enriched zone (CEZ) and carbon depleted
zone (CDZ). The carbon wvalue in P22 steel founded
double as compared to P91 steel. Hence. strong
redistribution of carbon by diffusion at elevated
temperature  occurs and  distinctive  zones  of
microstructure are formed. The P22 base metal had a
tempered  Martensite  structure  with  carbide
precipitations, but its HAZ zone contained ferritic with
carbides precipitation structure.
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Fig. 9: Optical microstructure w.r.t. Zones

The weld pool retained Martensite matrix, whereas
P91 HAZ region acquired Martensite with retained
austenite structure. An optical microscope also observed
the tempered Martensite structure of P91 base metal. For
logical deductions, the hardness behaviour for each zone
(before and after PWHT) had been evaluated,
distinctively. A quantitative comparison is performed
after scrutinizing the corresponding data sets. The mean
hardness of P22 before PWHT is 202.49VHN and it had
effectively reduced to 172.19VHN after PWHT at 68
min. of holding time. A drop of 30.229VHN occurs in
the mean hardness value of P22 metal zone. This would
cause improvement in brittleness (Fig. 10). The mean
hardness value of P22 HAZ before PWHT is 311VHN
and it slashed dramatically to 174VHN only. Overall
standard deviation decreased from 23.701 to 4.1226
which made the hardness distribution more predictable
over HAZ. That's why the spread of the after curve is
quite less and restricted as compared to before curve.

Process Characterization
Before After Change

Total N 36 16
Subgroup size 1 1
Mean 20242 172.19 -30.229
StDvev(ov eralh 1.5524 35818 15894

Before HT: P22

AfieHT: P22

Are the data above the limit?
L

]

]—-— Actual (overall) capability is what
the customer experiences

| _ _ potentiallwithin] capability is what

could be achieved if process shifts

and drifts were eliminated

Before

|

|

|
Afer

I

|

|

|

|

] 180 B0 i)

Fig. 10: Hardness comparison for P22 base metal

From p-value it could be visualized statistically that
hardness became almost similar for P22 and its HAZ
(Fig. 11). The weld pool hardness summary report
explained numerically that how hardness is declined
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from 326.17VHN to 177VHN after PWHT. The
decrement of 148.35VHN is not ignorable accompanied
by downsizing in hardness spread (or uncertainty). The
p-value spawned is less than 0.05 which signified the
effectiveness of PWHT at 68 minutes and brought the
hardness of this region around similar to P22 & P22
HAZ (Fig. 12). The comparison chart for P91 HAZ
revealed the diminishing trend in hardness from
308.3VHN to 176.81VHN. The standard deviation had
also been lowered from 52.0 to 24.5, as supported by the
curves graphically. The uniquely designed PWHT had
tamed the hardness of both the critical zones and
restricted them to around 175VHN (Fig. 13). The PWHT
process is well verified by calculating the corresponding
p-value. Because it came even less than 0.001, hence the
above results could be ascertained (Fig. 14). The major
reason for crack development in welded joint is the
difference of hardness between P91 HAZ and P91 steel.
This is omitted strategically and well-illustrated with
PWHT performance report.

Customer Requirements
Lower Spac Target Upper Spec
1& * *
Process Characterization
Statatics Before After Change
Mean mn 17406 -13604
StDev{overall) 23701 41226 -19.578
Was the process standard deviton reduced?
0 005 01 >05
o e o
<0001
Did the process mesn change?
Actual (Overal) Capabiity
Are the cata above the Imit?
L
Before 15
I 8
3
| o o o
After
16
0 0 0 0 0 0 0

Proces Data
Comments

BeforeHT:PIZHAZ Vs ARerHT:P27HAZ

* The process standard deviston wasreduced sgnficantly
(p <0.05).
* The process mesn changed sonficanty (p < 0.05)

Fig. 11: Hardness comparison for P22 HAZ
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Customer Requirements
Lower Spec Target Upper Spec
‘62 * -
Process Characterization
Stafistics Before After Change
Mean 32617 17781 -14835
StDev foverall) 21509 52309 -16279
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I
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Before HT : Wed Jont Vs After HT : Weld Pod
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(p < 0.05).
» The process mean changed significantly (p < 0.05).

Fig. 12: Hardness comparison for weld pool
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Before After Change
Tatal N 36 16
Subgroup size 1 1
Mean 23242 17544 -56.979
StDevioverall) 1.7788 23085 052965
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Fig. 13: Hardness appraisal for P91
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Customer Requirements
Lower Spec Target Upper Spec
152 - -
Process Characterization
Statstics Before After Change
Mean 30833 176581 -13152
StDevi{overalj 25420 52309 -20.189
Reduction in % Out of Spec
% Qut of spec increased by 5.40E+07% fom
0.00% t 0.23%.
Was the process standard deviation reduced?
0 005 01 > 08
Yes No
P < 0,001
Did the process mean change?
0 005 01 > 08
Yes No
P < 0,001
Actud (Overd) Capabiity
Are the data above the imit?
s
: [ Beﬁre 20
I
| 8 8
| | o 0 0

Comments

BeforeHT:P91HAZ Vs  After HT: P91 HAZ

» The process standard deviation was reduced sgnificantly
(p <0.05).
» The process mean changed signfficanty (p <0.05).

Fig. 14: Hardness evaluation for P91 HAZ

After studying the quoted individual reports. the
efficacy of optimized PWHT has been verified and
validated. Observations from Figs. 10-14 can deduce
quite narrow-range uniformity in hardness, across all the
zones. The optimized PWHT is now capable enough to
reduce the future risk of joint failure, drastically.

4. Conclusions

From literature. it is concluded that for dissimilar metal
welding TIG is almost defect-free and provides suitable
strength to the joint. From experiments, it is found that
there exists a substantial difference in hardnesses of
various zones formed after TIG welding. This has been
further verified statistically by using one-way ANOVA.
This variation can also be visually inspected by optical
microscopy. To overcome this variation in hardness,
PWHT is the most suitable process. since it provides
more homogeneous microstructures among different
zones formed. which could lead to a decrease in weld
cracking. The results obtained after PWHT (taking time
as a variable) are further analyzed by two-way ANOVA.
The homogeneity in microstructures of different zones

after PWHT is again validated by optical microscopy.
The most suitable PWHT condition for TIG welding of
P91 and P22 steel has been evaluated as 750°C with 68.3
min. of holding time. This condition provides the
uniform hardness of the weld zone comprised of P91
steel. HAZ P91. P22 HAZ and P22 base metal. The
dissimilar weld joints P91/P22 are unstable at
temperatures 500°C-900°C from a microstructural point
of view. During the high-temperature and long-term
exposition, carbon diffuses in the direction of its
chemical potential gradient and P22 HAZ and P91 HAZ
are formed in weld interface area. The steel with a larger
Cr amount is carburized, whereas the steel with lower
Cr. The amount is decarburized.
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