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Abstract
The influence of a post-weld heat treatment (PWHT) on the microstructure and mechanical behaviour of a 2.25Cr1Mo0.25 V 
weld was investigated. The study focused on three distinct regions: the base metal, the heat-affected zone (HAZ), and the weld 
metal. Due to the limitations in conducting standard mechanical tests on all the weld regions, particularly the HAZ, Small 
Punch Tests (SPT) were performed across all regions, while standard mechanical tests were conducted only when sufficient 
material was available. Microstructural characterisation involved microstructure identification, hardness profiling, X-ray dif-
fraction measurements, and fractographic examination. The results demonstrate that the SPT method effectively characterises 
the mechanical behaviour of all weld regions. Furthermore, PWHT significantly enhances microstructural homogeneity and 
improves the mechanical performance of both the HAZ and weld metal. The treatment leads to relaxation of residual stresses 
and microstructural refinement, thereby increasing the resistance of welded components to mechanical failure.
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1  Introduction

In conventional structural calculations, materials are often 
assumed to be homogeneous throughout the component. 
However, most real structures include welded joints, making 
this assumption unrealistic. When a structure incorporates 
welds, calculations are typically based on the weld geom-
etry and follow safety parameters outlined in the Eurocode 
standards [1]. Nonetheless, the integrity of the component 
can only be ensured if the welding procedure has been cor-
rectly executed. Even slight deviations during welding may 
result in joints that perform significantly worse than the base 
metal, introducing a potential weakness in the structure.

CrMoV steels are extensively used in high-temperature 
and corrosive environments due to their excellent strength 
and corrosion resistance. Consequently, these steels are 
widely employed in critical pressure equipment subjected 
to severe service conditions, including oil and gas storage 
vessels, thermal and nuclear power components, and steam 
turbine cylinder blocks [2, 3]. Such critical components 
must satisfy strict reliability and safety requirements. Since 
welded joints typically represent the weakest link in these 
structures, ensuring their integrity is essential for overall 
structural safety.

Welding involves complex, highly localised thermal 
cycles [4–7], which induce sharp microstructural gradi-
ents from the base metal (BM) through the heat-affected 
zone (HAZ), and into the weld metal (WM). Among these 
regions, the coarse-grained HAZ (CGHAZ) is particularly 
susceptible to brittle failure due to increased hardness and 
reduced toughness. However, accurately characterising the 
mechanical response of individual zones, especially the 
HAZ, remains challenging due to its limited size and dif-
ficulty obtaining standard test specimens.

Authors such as Nagaraju et al. [8] have studied different 
welding processes in steels and reported that mechanical 
properties such as yield stress and ultimate tensile strength 
typically decrease progressively from the WM to the BM, 
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whereas ductility and toughness exhibit the opposite trend. 
Nonetheless, their analysis excluded the HAZ due to dif-
ficulties in sample extraction, resulting in a notable gap in 
experimental data, particularly for the CGHAZ, despite its 
critical role in joint integrity.

Post-weld heat treatments (PWHTs) are frequently 
applied to welded structures to enhance toughness and duc-
tility and reduce residual stresses, significantly modifying 
the mechanical behaviour of weld zones. Several studies 
[9–12] have investigated the effects of various PWHTs on 
CrMoV steels using standard tensile and fracture specimens 
taken from the WM and BM regions. Their findings con-
sistently show that increasing PWHT temperatures reduce 
strength but enhance elongation and fracture toughness. 
However, the small size of the HAZ (and especially the 
CGHAZ) generally prohibits extracting standard mechanical 
test samples, leaving the mechanical response of this critical 
region largely unexplored.

Many existing studies have evaluated the mechanical 
behaviour of welded joints using specimens encompass-
ing entire weld regions rather than individual constitu-
ents. Although practical, this approach fails to isolate the 
specific contributions from each microstructural zone and 
may be significantly influenced by local defects or residual 
stresses, masking the intrinsic behaviour of critical regions 
such as the CGHAZ [13]. Additionally, obtaining stand-
ard specimens from weld zones often demands partial 
or complete shutdown of equipment, causing increased 
costs and downtime. This is particularly problematic for 
components already in service. To overcome these chal-
lenges, researchers have focused on miniaturising test 
samples [14–16], allowing highly localised mechanical 
characterisation using minimal amounts of material. The 
primary goal of these studies is to obtain results com-
parable to conventional tests while significantly reduc-
ing specimen dimensions. Small specimens can even be 
extracted from in-service structures without compromis-
ing structural integrity, enabling continuous assessment 
of welded joints and monitoring their mechanical proper-
ties over time—particularly advantageous in aggressive 
service environments.

This miniaturisation approach is especially beneficial for 
welded joints, where spatial resolution is crucial. Due to the 
minimal dimensions of the HAZ [17, 18] obtaining standard 
test specimens from this region alone is nearly impossible. 
Some studies have attempted to replicate the CGHAZ and 
other HAZ sub-zones by applying controlled thermal cycles 
intended to approximate welding conditions [5, 6, 19–22]. 
However, this method is costly, complex, and typically pro-
duces approximations rather than fully representative micro-
structures, limiting its accuracy [19].

Alternatively, other authors [15, 23] have pursued direct 
sampling of small homogeneous micro-volumes from 

welded joints, using non-standard specimens to assess 
the true mechanical response of each individual zone. For 
instance, Xue et al. [18] tested QP980 steel welds with 
non-standard miniature tensile specimens focusing on 
small fusion zones, revealing a higher susceptibility of the 
CGHAZ to brittle fracture. Similarly, Sánchez et al. [24] 
successfully miniaturised fracture toughness specimens for 
in-service components, demonstrating the effectiveness of 
small-scale mechanical testing. Nevertheless, challenges 
persist, particularly regarding the complexity and cost of 
fabricating these miniature specimens.

The present work aims to bridge this gap by employing 
the Small Punch Test (SPT), one of the most widely used 
miniature testing techniques [14, 16, 25–28]. Originally 
developed for applications in the nuclear industry, SPT 
has since been adopted broadly for characterising metallic 
materials. This technique uses simple, disc-shaped speci-
mens (typically 10 × 10 mm with a thickness of 0.5 mm), 
effectively capturing the tensile behaviour of steels with 
varying microstructures and mechanical properties [15]. The 
simplicity and small size of SPT specimens facilitate easy 
machining, further enhancing the practicality of this method 
for localised assessment of welded joints.

The main objective of this study is to systematically eval-
uate the effect of PWHT on the tensile and fracture proper-
ties of the different zones within a CrMoV steel welded joint, 
with particular attention to the critical CGHAZ. SPT sam-
ples were extracted from each weld region (BM, WM, HAZ) 
before and after PWHT. The results from SPT tests per-
formed on WM and BM samples were compared with con-
ventional tensile and fracture tests to establish correlations 
between miniature and standard methods. Additionally, the 
study examines the influence of PWHT on microstructure 
and hardness, complemented by X-ray diffraction (XRD) 
analysis to quantify microstructural distortions, providing 
deeper insight into the mechanical responses observed.

2 � Materials and experimental procedures

2.1 � Materials

This study investigates the effect of PWHT on a 
2.25Cr1Mo0.25 V welded joint. A butt joint was produced 
between two SA 542 Grade-D-Class4 steel plates, each 
measuring 108 mm in thickness, 275 mm in width, and 750 
mm in length. The welding process employed submerged arc 
welding (SAW) with DC current and a heat input of 2.2 kJ/
mm (29–32 V, 425–550 A, welding speed 45–55 cm/min), 
using Thyssen Union S1 CrMo2V electrodes as filler mate-
rial. Preheating temperatures ranged between 205 and 250 
°C. Further welding information is available in the work by 
G. Álvarez et al. [15]. After welding, the joint was subjected 
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to a dehydrogenation treatment at 350 °C for 4 h and subse-
quently divided into two parts. One part was analysed in the 
as-welded condition (AW), while the other was subjected to 
a PWHT at 705 °C for 10 h, followed by air cooling at room 
temperature. Therefore, the experimental characterisation 
described below compares these two conditions: as-welded 
(AW) and post-weld heat treated (PWHT).

2.2 � Microstructural analysis

To characterise the microstructure of each welded coupon, 
samples were ground progressively up to #1200-grit SiC 
paper and polished to a 1 µm diamond finish. Microstruc-
tures from the different weld zones were revealed using a 
5% Nital etching solution and examined under a Nikon V12 
optical microscope. Hardness across each weld zone was 
measured using Vickers indentation tests (HV1) performed 
with a Buehler Serie 2100 hardness tester. Additionally, 
X-ray diffraction (XRD) analyses were carried out to assess 
differences in the crystalline structures of the weld zones, 
using a Stresstech Xstress 3000 G3 diffractometer with 
CrKα radiation, a vanadium filter, and operating conditions 
of 30 kV and 6.7 mA. Variations in crystallographic lattice 
distortions were assessed by calculating the full width at half 
maximum (FWHM) values from the ferrite (α − iron) {211} 
diffraction peak at 2θ = 156.1°, using an exposure time of 
20 s [29, 30].

2.3 � Mechanical characterisation

2.3.1 � Tensile and fracture toughness tests

The different zones of both welded joints were characterised 
using standard tensile and fracture toughness tests to allow 
direct comparison with results obtained by SPT. As standard 
mechanical tests require relatively larger volumes of mate-
rial, they were only conducted in weld zones where sufficient 

material was available—specifically, the BM and WM—as 
shown schematically in Fig. 1.

Tensile tests were executed according to the UNE-EN-
ISO 6892 standard [31], using round specimens with a 
diameter of 10 mm and a gauge length of 70 mm. Tests 
were carried out at room temperature using a MTS univer-
sal testing machine equipped with a 100 kN load cell and 
an Epsilon axial extensometer. The applied strain test rate 
was 2.2 × 10−4 s−1, with three specimens tested per region 
(BM and WM) in each weld condition.

Fracture toughness tests were performed according to 
ASTM E1820 [32], employing single-edge notched bend 
(SE(B)) specimens measuring 225 × 50 × 25 mm (length 
(L) × width (W) × thickness (B)). A minimum of three 
specimens per weld region in each condition were tested. 
Specimens were first fatigue pre-cracked to achieve an 
initial crack length-to-width ratio (a/W) of 0.5, followed 
by side-grooving to achieve a thickness reduction of 0.2B 
mm. Fracture toughness testing was carried out using the 
same MTS machine as for tensile tests, equipped with an 
MTS crack opening displacement (COD) extensometer 
to measure crack growth via the compliance method. A 
displacement rate of 0.5 mm/min was used. The single-
specimen unloading compliance method was employed to 
obtain the J-Δa resistance curves, where the increase in 
crack length (Δa) and corresponding fracture toughness 
(J) values were determined at each unload/reload step. The 
critical fracture toughness parameter (JQ) was identified 
as the value of J at a 0.2 mm crack extension, determined 
by the intersection of the power-law regression fitted to 
the J-Δa curve and the 0.2 mm offset blunting line [32].

After fracture toughness testing, specimens were 
fatigue-loaded until complete fracture occurred, enabling 
subsequent fractographic analysis. Fracture surfaces were 
examined using a JEOL-JSM5600 scanning electron 
microscope (SEM) to investigate the failure micromecha-
nisms in each testing region.

Fig. 1   Scheme of the welded 
coupon showing the extraction 
orientation of specimens from 
the base metal (BM), weld 
metal (WM), and heat-affected 
zone (HAZ) in both the as-
welded (AW) and post-weld 
heat-treated (PWHT) conditions
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2.3.2 � Small Punch Tests

Small Punch Tests were conducted using a standardised 
testing setup (Fig. 2a) complying with the UNE EN 10371 
standard [26]. The SPT device comprises a lower support-
ing die with a central hole (4 mm in diameter and 0.2 mm 
chamfer radius) and a semi-spherical punch head (2.5 mm 
diameter). The detailed description of the SPT device is pro-
vided elsewhere [14]. Tests were performed using an electro-
mechanical Instron machine equipped with a 5 kN load cell. 
Punch displacement relative to the upper die was measured 
using a COD extensometer.

After clearly identifying each weld zone—weld metal 
(WM), base metal (BM), and coarse grain from the heat-
affected zone (CG-HAZ) (Fig. 1)—0.5 ± 0.1 mm thick sheets 
were extracted from these regions by electrical discharge 
machining (EDM). From these sheets, square SPT speci-
mens measuring 10 × 10 mm were prepared. Prior to testing, 
the specimens were ground and polished to achieve a final 
thickness of 0.5 ± 0.01 mm and cleaned thoroughly with 
acetone. Specimen thickness was precisely verified using a 
micrometre with a resolution of 0.5 µm.

SPTs were conducted at a constant punch displacement 
rate of 0.2 mm/min, testing a minimum of three speci-
mens per weld zone and treatment condition. After testing, 
load–displacement curves were analysed to extract charac-
teristic values: yield load (Py), maximum load (Pm), and 
displacement at maximum load (dm) (Fig. 2b). Based on 
previous successful correlations [14], the yield load (Py) in 

this work was specifically defined at the intersection of the 
load–displacement curve with the offset line drawn at t/10 
(10% of specimen thickness) from the initial elastic slope 
(Py_t/10). The corresponding values for yield stress ( �ys ) and 
ultimate tensile strength ( �ut ) were then calculated using Eqs. 
(1) and (2), proposed by García et al. [14].

where Py_t/10 is the yield load determined by the t/10 off-
set method, Pm and dm are the load and displacement at 
the maximum load point, respectively, and α = 0.346 and 
β = 0.277 are empirical constants obtained from prior cali-
brations [14].

After testing, specimens were sectioned through the frac-
ture zone to examine their cross-section and measure the final 
thickness (tf). The equivalent biaxial strain, (εqf) was then cal-
culated using Eq. (3), and the material’s fracture toughness 
was estimated using Eq. (4), previously proposed by García 
et al. [14]. This expression is valid provided the material 
exhibits sufficient ductility ( 𝜀qf > 0.78).

(1)�ys = � ⋅

Py_t∕10

t2
[MPa]

(2)�ut = � ⋅

Pm

dmt
[MPa]

(3)�qf = ln

(

t

tf

)

Fig. 2   a Small Punch Test setup used in the experiments. b Representative load–displacement SPT curve with the key values of load and dis-
pacement used for mechanical property estimation.
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Additionally, fractographic analysis of all specimens was 
conducted using SEM to identify general fracture charac-
teristics and evaluate the dominant micromechanisms of 
failure.

3 � Results

3.1 � Microstructure and hardness

Figure 3 presents the macro and microstructures of the 
welded joints in the as-welded (AW, Fig. 3a) and post-
weld heat-treated (PWHT, Fig. 3b) conditions. The three 
characteristic zones (BM, HAZ, and WM) along with 
HAZ subzones (coarse grain zone, CGHAZ, fine grain 
zone, FGHAZ and intercritical zone, ICHAZ) are clearly 
identifiable. In the as-welded condition (Fig. 3a), all zones 
exhibit similar microstructures consisting of a mixture of 
bainite and martensite, differing primarily in grain geom-
etry and size [33]. The base metal grain size of approxi-
mately 80 μm increases due to welding thermal cycles, 
reaching approximately 150 μm in the CGHAZ. From 
this coarsened grain structure, epitaxial growth occurs 
into the weld metal, forming columnar grains aligned 
along the solidification direction. After PWHT (Fig. 3b), 
the microstructure remains fundamentally similar, but a 

(4)JQ = 1695�qf − 1320

[

kJ

m2

] slight decomposition of martensitic and bainitic structures 
is observed [34, 35].

Hardness profiles measured across the different weld 
zones before and after PWHT are shown in Fig. 4a. The 
original BM hardness of approximately 228 HV1 (black 
triangles) increases significantly due to the welding ther-
mal cycle, reaching a peak value of around 405 HV1 in 
the AW-CGHAZ (blue triangles), with a slight reduction 
to 381 HV1 in the AW-WM (red triangles). The softening 
effect of PWHT (circles in Fig. 4a) is evident in all weld 
zones but is particularly pronounced in the WM (222 HV1, 
red circles) and HAZ (247 HV1, blue circles), where hard-
ness values decrease by more than 40%.

The FWHM parameter obtained from XRD analysis for 
the ferritic {211} diffraction peak (2θ = 156.1°)is shown 
in Fig. 4b, illustrating the effect of thermal cycles induced 
by welding. Compared to the BM (black line), the WM 
(red line) and particularly the CGHAZ (blue line) exhibit 
broader and flatter diffraction peaks. This peak broaden-
ing is directly related to increased lattice distortion due to 
residual stresses and higher dislocation densities within 
these hardened zones. Following PWHT (dashed lines), 
a clear reduction in FWHM values is observed across all 
weld zones, confirming relaxation of residual stresses and 
decreased micro-strain. The narrowing of diffraction peaks 
after PWHT indicates reduced defect density and internal 
stresses. Additionally, peak positions after PWHT shift 
towards values closer to the unaltered base metal, further 
validating the stress-relief effect of the PWHT.

(a) (b)

Fig. 3   Optical micrograph showing the different zones of the welded joints: a as-welded, AW; b after post-weld heat treatment, PWHT
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3.2 � Tensile and fracture toughness properties 
from standard test

Table 1 summarises the tensile and fracture toughness prop-
erties of the BM and WM in both the as-welded (AW) and 
post-weld heat-treated (PWHT) conditions. It is important 
to note that the mechanical properties of the heat-affected 
zone (HAZ) could not be obtained through standard test-
ing methods due to the limited size of this region, which 
does not meet the dimensional requirements for conventional 
specimens.

As shown in Fig. 5a, the tensile curve for the as-welded 
weld metal (AW-WM) lies significantly above that of the 
base metal (BM). In agreement with the hardness results, 
the yield strength (σys) and ultimate tensile strength (σut) of 
the AW-WM are nearly twice those of the BM. Following 
PWHT, the tensile properties of the PWHT-BM remain 
largely unchanged. However, the mechanical strength of 

the PWHT-WM is substantially reduced, approaching 
values similar to those of the PWHT-BM. This suggests 
a significant softening and homogenisation effect of the 
PWHT on the weld metal.

Figure 5b displays the J-Δa resistance curves for the 
BM and WM before and after PWHT. In the as-welded 
condition, the WM exhibits extremely low fracture tough-
ness, characterised by brittle behaviour. In fact, the criti-
cal fracture toughness value (JQ) for the AW-WM had to 
be derived from KIC, indicating limited plasticity prior 
to fracture. In contrast, the BM shows high fracture 
toughness, consistent with ductile fracture mechanisms. 
After PWHT, and in contrast to the strength and hard-
ness results, the fracture toughness of the WM increases 
markedly, reaching values comparable to those of the BM. 
This improvement confirms a significant microstructural 
homogenisation across the welded joint induced by the 
heat treatment.

Figure  6 further illustrates the contrasting fracture 
micromechanisms between BM and WM in the as-welded 
condition. The BM shows extensive microvoid coalescence 
(Fig. 6a), indicative of fully ductile failure. By contrast, 
the WM surface is characterised by flat facets typical of 
cleavage fracture, which correlates with its low toughness 
and brittle behaviour. After PWHT, both the BM and WM 
exhibit ductile fracture features dominated by microvoid 
coalescence, similar to those observed in the as-welded 
BM (Fig. 6a), confirming the enhanced toughness and 
ductility of the weld metal following the heat treatment.

(a) (b)

Fig. 4   a Hardness profiles across the welded joint in AW and PWHT conditions. b XRD measurements of the ferrite {211} diffraction peak in 
different weld zones.

Table 1   Tensile and fracture toughness properties (mean ± standard 
deviation) of the different zones of the welds, obtained using standard 
testing methods

Material σys[MPa] σut [MPa] JQ [kJ/m2]

BM 597 ± 3.2 710 ± 2.3 750 ± 4.5
AW-WM 1019 ± 2.1 1120 ± 1.0 22 ± 8.1
PWHT-BM 550 ± 1.7 695 ± 7.2 649 ± 2.3
PWHT-WM 533 ± 5.6 631 ± 5.1 579 ± 7.6
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3.2.1 � SPT properties

The small size of the HAZ prevents its characterisa-
tion using standard tensile and fracture toughness tests, 
which require relatively large volumes of material [31, 
32]. This limitation is overcome by using the SPT, which 
enables the extraction and testing of miniature speci-
mens from all regions of the welded joint, including the 
CGHAZ.

Figure 7a shows representative load-punch displacement 
curves for the three main weld zones in both the AW (solid 

lines) and PWHT (dashed lines) conditions. In the AW con-
dition, the WM and CGHAZ exhibit higher maximum loads 
than the BM, reflecting their higher strength. After PWHT, 
however, the load–displacement curves of all weld zones 
(dashed lines) converge and align closely with that of the 
BM, indicating a homogenisation of mechanical behaviour 
throughout the weldment.

These trends are consistent with the fracture surface 
morphologies shown in Fig. 7b. Fracture surfaces of AW-
CGHAZ and AW-WM specimens display prominent second-
ary radial cracks (indicated by white arrows), a hallmark of 

Fig. 5   Mechanical test results from standard specimens: a engineering stress–strain curves from tensile tests; b J-Δa curves from fracture tough-
ness tests

Fig. 6   SEM images of fracture surfaces from standard fracture toughness tests. a Ductile fracture in BM; b brittle cleavage fracture in AW-WM



3816	 Welding in the World (2025) 69:3809–3821

brittle fracture. By contrast, the PWHT specimens from all 
the weld zones show fully ductile fracture surfaces, char-
acterised by typical circumferential crack profiles with no 
observable radial or secondary cracking [36].

From the load–displacement curves, the load (Py and Pm) 
and displacement (dm) values were extracted and used to cal-
culate the SPT parameters related with yield stress and ulti-
mate tensile strength via Eqs. (1) and (2), respectively. The 
corresponding values obtained are presented in Table 2, along 
with the equivalent biaxial strain calculated using Eq. (3).

Fig. 7   SPT results for AW and PWHT welds; a representative load–displacement curves fused to extract tensile parameters; b fracture surfaces 
of SPT specimens showing failure morphology

Table 2   SPT parameters (mean ± standard deviation) obtained for the 
different weld zones in AW and PWHT conditions

Material Py/t2 [MPa] Pm/(t·dm)[MPa] εqf [-]

AW BM 1404 ± 257 2204 ± 46 1.23 ± 0.3
CGHAZ 3301 ± 134 3755 ± 291 0.94 ± 0.2
WM 2686 ± 401 3690 ± 333 0.77 ± 0.2

PWHT BM 1418 ± 146 1993 ± 140 1.15 ± 0.1
CGHAZ 1526 ± 323 2001 ± 264 1.12 ± 0.3
WM 1651 ± 90 2159 ± 157 1.18 ± 0.2

Fig. 8   Cross-section of SPT specimen in AW and PWHT conditions, used for measuring biaxial deformation and final specimen thickness for 
fracture toughness estimation
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To determine the equivalent biaxial strain, cross-sections 
of the fractured specimens were examined. Figure 8 shows 
regions where the final thickness was measured. A smaller 
reduction in thickness is observed in the AW-CGHAZ and 
AW-WM specimens, confirming their lower ductility com-
pared to the PWHT and BM conditions.

Figure 9 presents SEM images of the fracture surfaces 
from SPT specimens extracted from the WM in both condi-
tions. In the AW condition (Fig. 9a), the surface features a 
combination of cleavage facets and microvoids, indicating 
incomplete ductile behaviour. After PWHT (Fig. 9b), the 
surface shows a more homogeneous distribution of micro-
voids, confirming improved plastic deformation capacity.

Table 3 summarises the tensile and fracture toughness 
properties estimated from the SPT data using the empirical 
correlations defined in Eqs. (1)–(4). The values obtained for 
the BM and WM in both conditions are slightly conserva-
tive compared to those obtained from standard mechanical 
testing, thus providing a safe approximation. Given the good 
agreement between SPT-based and standard measurements 
in these zones, it is reasonable to consider the mechanical 
property estimates for the CGHAZ derived solely from SPT 
data as reliable. Therefore, the SPT offers a valid and effec-
tive means to characterise the tensile and fracture toughness 
behaviour of weld regions, such as the CGHAZ, that are 
inaccessible to conventional testing methods.

4 � Discussion

This study evaluates the influence of post-weld heat treat-
ment (PWHT) on the mechanical behaviour of a CrMoV 
welded joint. One of the key effects of PWHT is the reduc-
tion of weld overmatching, as reported in previous studies 

[37]. The heat treatment promotes carbon diffusion out of 
metastable phases (such as martensite and bainite), lead-
ing to the precipitation of new carbides—primarily in the 
WM and CGHAZ—or the coarsening of existing ones, 
particularly in the BM [38]. As a result, the microstructure 
becomes more homogeneous and less distorted. Similar 
trends were observed by Qian Guo et al. [39] in CrMoV 
base and filler metals, where PWHT produced uniform 
microstructures characterised by columnar grains in the 
WM, tempered martensite in the HAZ, and tempered gran-
ular bainite, with microhardness values ranging from 200 
to 300 HV. The homogenising effect of PWHT is clearly 
confirmed by the X-ray diffraction (XRD) analysis (Fig. 4b). 
After PWHT, the full width at half maximum (FWHM) of 
the diffraction peaks decreases across all regions of the 
weld, indicating reduced dislocation density and lattice 
distortion. In the as-welded (AW) condition, the diffraction 
peaks—particularly in the WM and CGHAZ—are broader 
and shifted to lower 2θ angles, reflecting significant inter-
nal stress and microstructural inhomogeneity. Following 
PWHT, the peaks become narrower and shift back towards 
higher angles, consistent with a stress-relieved and more 

Fig. 9   SEM images of fracture micromechanism on SPT specimens from the weld metal: a AW-WM (× 2500); b PWHT-WM (× 2500)

Table 3   Mechanical properties (mean ± standard deviation) estimated 
from SPT data using Eqs. (1), (2), and (4)

Material σys [MPa] σut [MPa] JQ [kJ/m2]

AW BM 486 ± 89 610 ± 13 773 ± 53
CGHAZ 950 ± 46 1040 ± 81 280 ± 120
WM 929 ± 138 1022 ± 92  < 40

PWHT BM 490 ± 51 552 ± 39 637 ± 61
CGHAZ 571 ± 31 598 ± 44 683 ± 33
WM 528 ± 112 554 ± 73 580 ± 172
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uniform microstructure. These observations align with the 
mechanical results obtained via SPT and provide microstruc-
tural confirmation of the stress-relieving and homogenising 
effects of the heat treatment. The SPT results demonstrate 
strong agreement with the mechanical properties obtained 
from standard tensile and fracture toughness tests for both 
BM and WM (Table 1), validating the empirical correlations 
proposed by García et al. [14]. The good correlation allows 
the mechanical properties of the CGHAZ—unmeasurable 
by conventional tests due to geometric constraints—to be 
estimated with confidence. In the as-welded condition, the 
tensile properties of the CGHAZ derived from SPT closely 
match those of the WM, consistent with the similar hard-
ness values observed in both regions (Fig. 4a). However, 
the fracture toughness of the CGHAZ is higher than that 
of the WM but still lower than the BM. This behaviour is 
consistent with findings by Rankumar et al. [9] and can be 
attributed to the more homogeneous microstructure of the 
CGHAZ compared to the WM. The WM typically exhibits 
large columnar grains and less uniform carbide dispersion, 
while the CGHAZ benefits from a more even distribution of 
carbides, which enhances fracture resistance. As supported 
by previous studies [40, 41], uniformly dispersed carbides 
can act as obstacles to dislocation motion and stress concen-
tration, thereby improving fracture toughness.

Following PWHT, the more tempered and relaxed 
microstructures contribute to the mechanical homogenisa-
tion across all weld zones. Strength and hardness values in 
the PWHT condition become nearly equal across the BM, 
CGHAZ, and WM, with only slightly reduced values com-
pared to the BM. The beneficial effect of PWHT is even 
more pronounced in terms of fracture toughness. All zones 
exhibit comparable toughness, approaching the values of 
the BM. This improvement is attributed to the precipitation 
of finely dispersed Cr–Mo carbides, which impede damage 
propagation and enhance crack resistance, particularly in the 
CGHAZ and WM [42]. In contrast, the PWHT has a minor, 
slightly detrimental effect on the fracture toughness of the 
BM. Since the BM already contains a well-distributed net-
work of Cr–Mo carbides, the heat treatment primarily results 
in carbide coarsening [19], which slightly reduces fracture 
toughness. This coarsening may also account for the slight 
increase in lattice distortion observed in the PWHT-BM, 
as evidenced by the modest rise in FWHM in Fig. 4b. The 
local strain fields associated with carbide growth introduce 
subtle distortions detectable via XRD, although the overall 
impact remains limited due to the already tempered nature 
of the base metal.

The bar chart in Fig. 10 highlights the homogeni-
sation effect of PWHT, showing that the mechanical 

Fig. 10   Bar charts comparing 
the mechanical properties of 
BM, CGHAZ, and WM before 
and after PWHT, illustrating the 
homogenising effect of the heat 
treatment
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properties of all zones in the treated condition (hatched 
bars) converge closely to those of the BM (solid black 
bar).

In conclusion, this work demonstrates the clear benefits 
of PWHT in enhancing the mechanical performance and 
uniformity of CrMoV welded joints. These insights would 
not have been possible without the use of the Small Punch 
Test, which enabled the characterisation of the CGHAZ—
arguably the most critical and vulnerable region of the 
weld, and one that cannot be assessed using conventional 
mechanical tests.

5 � Conclusions

In this work, the influence of post-weld heat treatment 
(PWHT) on the microstructure and mechanical behaviour 
of a 2.25Cr1Mo0.25 V welded joint has been evaluated 
using the Small Punch Test (SPT) technique. The main 
findings and technical contributions are summarised as 
follows:

•	 PWHT significantly reduces the mismatch in mechani-
cal properties between the weld metal (WM), coarse-
grained heat-affected zone (CGHAZ), and base metal 
(BM). After treatment, the strength, hardness, and frac-
ture toughness values in all regions converge towards 
those of the base metal, indicating substantial homog-
enisation of the welded joint.

•	 X-ray diffraction (XRD) analysis supports the stress-
relieving and homogenising effect of PWHT, showing 
reduced lattice distortion and dislocation density—
particularly in the WM and CGHAZ—through nar-
rower diffraction peaks and lower FWHM values after 
PWHT.

•	 The empirical correlations proposed by García et al. [6] 
for estimating tensile properties ( �YS , �ut ) and fracture 
toughness ( JIc ), from SPT data have been validated, 
with values closely matching those obtained from 
standard mechanical tests.

•	 The SPT technique enabled the mechanical characteri-
sation of the CGHAZ, a zone typically inaccessible to 
conventional testing due to its small size and micro-
structural complexity.

•	 This study demonstrates that, when combined with 
complementary microstructural techniques such as 
hardness mapping and XRD, the SPT provides an 
effective, minimally invasive approach for assessing 
the mechanical integrity of complex welded joints, 
particularly in service-aged or safety–critical com-
ponents where traditional testing methods are not 
feasible.
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