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Alternative PWHT to Improve High-Temperature
Mechanical Properties of Advanced 9Cr Steel Welds

Ariel Burgos , Hernán Svoboda, Zhuyao Zhang, and Estela Surian

(Submitted October 2, 2017; in revised form October 19, 2018)

Creep-resistant 9Cr steels are extremely important in thermal power generation industry due to their
marked resistance to creep and corrosion. The weldability of these alloys is critical since they are used in
welded construction equipment. The required mechanical properties are achieved after post-weld heat
treatment. This study examined the effect of different post-weld heat treatments on microstructure and
mechanical properties of creep strength-enhanced 9Cr steel welding deposits. It was obtained with an
experimental flux-cored arc welding wire used under protective gas (Ar-20% CO2). The heat treatments
used were: (1) tempering (760 �C 3 2 h), (2) solubilizing (1050 �C 3 1 h) + tempering (760 �C 3 2 h) and
(3) solubilizing (1150 �C 3 1 h) + first tempering (660 �C 3 3 h) + second tempering (660 �C 3 3 h). All-
weld metal chemical composition was analyzed, and hot tensile tests were carried out at different tem-
peratures. Charpy-V impact tests and Vickers microhardness measurements were also performed.
Microstructures were studied using x-ray diffraction and optical and scanning electron microscopy. In all
cases, a martensitic matrix with intergranular and intra-granular precipitates was detected. In the as-
welded condition, d-ferrite was also found. Microhardness dropped, and the impact energy increased with
post-weld heat treatments. The highest hot tensile strength result was achieved with samples submitted to
austenization at 1150 �C and double tempering at 660 �C.

Keywords creep strength-enhanced 9Cr steel, FCAW, mechanical
properties, microstructure, PWHT

1. Introduction

The challenge for the new plants of thermal power
generation is to increase both working temperature and steam
pressure to be able to increase their efficiency, thus reducing the
cost of combustible and the CO2 emission into the environ-
ment. For a working temperature in the range of 600-650 �C
and pressure of 30-35 MPa or more in service, the use of creep-
resistant steels is required. A great advance in this field is the
development of new creep-resistant 9Cr steels (Ref 1) in which
B, Co and W are added; this last element replaced part of the
original Mo content. These steels present good thermal
conductivity and low linear thermal expansion coefficient that,
together with their lower cost of fabrication and transformation
to tubes, make them a good alternative for the construction of
high thickness components (Ref 2, 3). In this context, the
weldability of these steels is crucial. In recent times, the use of
flux-cored arc welding (FCAW) consumables for this applica-
tion has been improved replacing gas metal arc welding

(GMAW) solid wires and metal manual electrodes, because the
fabrication of this type of equipment involves out-of-position
weldments (e.g., overhead; vertical down and vertical up) (Ref
4-7). Since these steels are used in service at high temperatures
(500-650 �C), toughness is not a problem because at this
temperature range the risk of brittle fracture does not exist.
Nevertheless, the welded joints must satisfy certain toughness
requirements at room temperature during construction, hydro-
static testing or start-up. Consequently, there must be a
compromise between toughness at room temperature and
mechanical properties at high temperature (Ref 6-11). ISO
5380:2010 standard (Ref 12) requires, for this type of welding
deposits, an average value of 47 J of absorbed energy in the
Charpy-V impact test at room temperature (individual mini-
mum value 38 J).

The development of consumables for welding of these new
9Cr steels has accompanied their development; however,
further improvements are still required. The post-weld heat
treatment (PWHT) is mandatory for these deposits to achieve
the necessary final properties in the weldment. Hence, it is
necessary to apply a PWHT which provides a pre-service
microstructure with enough stability at the working temperature
to delay the material degradation in the long term. The
precipitates finely dispersed in the martensitic matrix (precip-
itation hardening) and the density of dislocations (dislocation
hardening) mostly control the mentioned degradation together
with the solid solution hardening effect provided by Mo and W
contents (Ref 13). The creep strength-enhanced 9Cr steel
(CSE9CrS) welding deposits show a martensitic structure with
precipitates in the prior austenite grain boundaries, sub-
boundaries and within sub-grains (M23C6 and MX); it is also
possible to find d-ferrite formed during the welding process,
which was not transformed during cooling (Ref 2, 14, 15). The
d-ferrite in the final microstructure has a detrimental effect on
toughness and on high-temperature properties (Ref 2). The
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PWHT has the objective of tempering the welded joint structure
when it is submitted to temperatures below AC1 promoting the
formation of the mentioned precipitates: the d-ferrite remains
present.

Unlike the practice for weldments, the conventional heat
treatments applied to the as-cast steels comprise an austeniza-
tion at temperature above AC3 during which a homogenization
of the chemical composition is produced together with the
carbonitride (CN) dissolution, followed by an air/water cooling,
resulting in a microstructure completely martensitic (Ref 16).
Subsequently, the mentioned microstructure is tempered at
temperatures below AC1 (Ref 16). There are studies where
alternative heat treatments for these CSE9CrSs have been
developed with success, resulting in an improvement in their
properties during service: for example, increasing the aust-
enization temperature and decreasing the tempering tempera-
ture, making a double tempering for longer times (Ref 16).

Nowadays, consumables matching the chemical composi-
tion of the steels have been developed and, in the literature,
there are not many systematic studies using FCAW wires of last
generation for these steels. Moreover, there is only scarce
information about alternative PWHT for this type of deposits.

The objective of this work is to study the effect of
conventional and alternative PWHTs on microstructure and
mechanical properties of a FCAW-G CSE9CrS AWM. In this
article, the deposit from the consumable without dilution with
the base metal will be always referred as AWM. The
microstructure was evaluated by optical microscopy (OM),
scanning electron microscopy (SEM) and x-ray diffraction
(XRD). Hardness and toughness at room temperature and
tensile properties at high temperature by means of hot tensile

test (HTT) at different strain rates were measured. According to
the literature (Ref 17-19), a relationship between HTT and
creep resistance tests (CRT) can be established, as an approach
to evaluate the service performance of the material.

2. Experimental Procedure

2.1 Weldments

An CSE9CrS AWM-coupon was welded according to
ANSI/AWS A5.29/A5.29M: 2010 standard (Ref 20) with a
flux-cored 1.2 mm diameter wire under shielding gas of Ar-
20%CO2. Buttering was performed with the same consumable.
The welds were made with DC+, in flat position, with a gas
flow rate of 20 L/min and a stick out of 12-15 mm, as shown in
Fig. 1.

The pre-heat and interpass temperatures were 240 �C
(± 10 �C). Average welding current were 223 A, voltage of
30.6 V, speed of 5.7 mm/s and heat input of 1.2 kJ/mm for 11
welding beads distributed in five layers.

The AWM was submitted to the radiographic test. Transver-
sal cuts were extracted for macrographic study.

2.2 Chemical Composition

From the AWM-coupon, transversal cuts were extracted for
chemical analysis, which was determined by optical emission
spectrometry in the central zone corresponding to all-weld metal.

2.3 Post-Weld Heat Treatment

Conventional PWHT for steels of the type ASTM A213/
A213M-15c:2015 (Ref 21) and A335/A335M-15a:2015 (Ref
22) standards (sample 76) and alternative PWHT (samples 176
and 166) were carried out. The last two ones had the objective
of achieving a microstructure with both higher dislocation
density and higher volume fraction of finer dispersion MX
precipitates. The alternative PWHTs used here were previously
applied in steels ASTM A213/A335 grade T/P92 base metal by
Yin et al. (Ref 16). The PWHTs are shown in Table 1.

2.4 Microstructure

2.4.1 Optical and Scanning Electron Microscopy. A
transversal cut of the welded coupon was prepared for the
macroscopic analysis.

In the as-welded (AW) condition, d-ferrite content was
quantified according to ASTM E-562-02 standard (Ref 22) in a
parallel cut to the fracture surface, in the longitudinal direction
of the welding of the Charpy-V specimen. Twenty-two fields

Fig. 1 ANSI/AWS A5.29/A5.29M:2010 coupon transversal cut.
Dimensions in mm

Table 1 Sample identification and PWHT

PWHT

Solubilization Tempering Double tempering

Temperature, �C Time, h Temperature, �C Time, h Temperature, �C Time, h

AW … … … … … …
76 … … 760 2 … …
176 1050 1 760 2 … …
166 1150 1 660 3 660 3

AW, as-welded
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were quantified using photomicrographs with 2009 magnifi-
cation.

2.4.2 X-ray Diffraction. Samples from the center of the
AWM were extracted and analyzed by XRD, using a Cu anode
with k = 1.548 Å, in a range of diffraction angle 2h = 30�-90�,
applying a step of 0.02� and 0.5�/min of speed.

2.5 Mechanical Properties

2.5.1 Microhardness. On the AW samples prepared for
macrographic analysis, Vickers microhardness measurements
(HV1000) on every 0.5 mm were performed on four lines
(Fig. 2): The horizontal one covered all the beds of the fifth
layer and the three vertical ones covered all the passes. The
different zones of the welded joint were identified.

On the other hand, on a sample extracted from AWM after
post-weld treatment, HV1000 hardness was measured in a
5 mm2 (center and four vertices). The representative value of
this area was determined as an average of these measurements.

2.5.2 Hot Tensile Tests. Transversal tensile specimens
were machined according to ASTM E 8 M-01 standard (Ref
22), Fig. 3(a). They were submitted to HTTs at 600 �C with the
initial strain rates of 2.67E�05, 1.33E�04, 1.33E�03 and
6.67E�03 1/s.

2.5.3 Charpy-V Impact Tests. Charpy-V specimens
were extracted according to AWS A5.29/A5.29M:2010 stan-
dard (Ref 20). They were machined according to ASTM E23-
02a—Type A (Ref 23) Fig. 3(b). For each condition studied,

two samples were tested at 20 �C; the results were averaged.

3. Results and Discussion

3.1 Welds

Figure 4 shows a transversal cut of an AWM-coupon.
According to AWS A5.29/A5.29M:2010 standard (Ref 20),
very low level of defects was detected as it was shown in the
radiographic test performed.

3.2 All-Weld Metal Chemical Composition

The AWM chemical composition obtained on the last bead
in weight percent was 9.33Cr, 1.89W, 0.51M0, 0.21V, 0.05Nb,
0.36Si, 0.90Mn, 0.12C, 0.017P, 0.007S, 0.49Ni, 0.052N,
0.86Co, 0.08Cu, 0.001Al, 0.03Ti, 0.002B and Fe balance.

Chemical composition is in accordance with a commercial
welding electrode type T/P92 with the B content restricted to
0.002%. Some Ti content was detected which is associated to
the rutile (titanium oxide) used for the formation of the
protective slag in the FCAW-G process. In contrast, the Co
content is added to stabilize the austenite and to avoid the
formation of d-ferrite during solidification, improving the
tensile strength and toughness at room temperature (Ref 24).
The combination of Mn and Ni tends to diminish the AC1
critical temperature. The PWHT temperature has to be near but
below AC1. Nevertheless, it is important that no partial
transformation to austenite could be produced during PWHT. In
this sense, the restriction of Mn + Ni to 1.5% weight maximum
is usually imposed (Ref 20).

3.3 Microstructure

Figure 5 and 6 present micrographs of AW samples in
different multipass joint locations. A martensitic matrix with d-
ferrite was detected.

In the last bead, it could be observed a typical columnar
martensitic structure of directional solidification. The marten-
sitic structure is obtained even at low cooling velocities for
formation of austenite (Ref 25), with some blocks of inter-
granular d-ferrite, as shown in Fig. 5(a). This last phase was
retained during cooling and persisted after the reheating
produced by the following bead, as shown in Fig. 5(b). This
fact could be explained considering a local enrichment in Cr
and Mo (due to the dissolution of M23C6, which are rich in Cr),

Fig. 2 Location of HV1000 measurements

Fig. 3 (a) Transversal tensile specimen location. Dimension in mm. (b) Charpy-V specimen location. Dimension in mm
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along the prior austenitic grain boundary. These segregated
areas enriched of these ferrite stabilizer elements present
preferential sites for the d-ferrite nucleation (Ref 26). The
results from the manual counting indicated that the AW
samples had 2.3% (± 1.6%) of d-ferrite.

Below the fusion line (FL) of any bead of the multipass
joint, in the heat affect zone (HAZAWM), Fig. 5(a) and 6(a),
it was possible to observe how the columnar grains collapsed

and an equiaxial grain structure developed. This fact was
produced due to the temperature interval to which this zone
was exposed by the following bead (Ref 10). In the
HAZAWM, far from the FL, because of the thermal cycles
generated by the subsequent passes, intercritical (AC1 <
T < AC3) and subcritical (T < AC1) temperatures could
be reached. Because of this, it could be observed a higher
quantity of precipitates, Fig. 6(b) (Ref 25). According to (Ref

Fig. 4 Photomacrograph of the multipass all-weld metal coupon (Villela reagent). CZ—Columnar zone; HAZAWM—Heat-affected zone all-weld
metal; HAZWJ—Heat-affected zone welding joint

Fig. 5 OM micrographs of samples AW in different positions of the multipass joint. (a) 5� layer: fusion zone (FZ); FL; HAZAWM, (b) 3� layer:
HAZAWM

Fig. 6 SEM micrographs of AW samples: (a) matrix: mixed structure (columnar grains and equiaxed grain), (b) HAZAWM: precipitates
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10, 27), they could be of the types M23C6 and MX. d-ferrite
was not found in PWHT samples.

Sample 76 submitted to a simple tempering showed a mixed
microstructure of columnar and equiaxial grains with both
inter- and intra-granular precipitates (Fig. 7). On the other
hand, in solubilized samples (176 and 166) the columnar
structure was eliminated, showing an equiaxed microstructure
with more homogeneous grains of increased size, with both
inter- and intra-granular precipitates (Fig. 8 and 9).

Sample 166, which reached higher solubilizing temperature
than sample 176, showed higher prior austenitic grain size
(Fig. 9a) than sample 176, and as a consequence a more

homogeneous precipitate distribution (Fig. 9a compared to
Fig. 8a). In this last figure, it was possible to notice that there
was high quantity of precipitates in the prior austenitic grain
boundary, showing some clusters (Fig. 8c) compared to those
found in the martensite lath of sample 166 (Fig. 9b).

The coarse precipitates located at the prior austenitic grain
boundary and the lath of martensite could be M23C6 according to
the literature (Ref 14, 28-30). They present a complex compo-
sition (Fe,Cr,W,Mo)23C6 and tend to grow easily with the service
temperature (Ref 14, 28-30). The fine precipitates located at the
edge of the martensite lath could be MX (Ref 14, 28-30). On the
contrary, MX precipitates, much smaller than M23C6, are

Fig. 7 SEM micrographs of 76 sample (a) matrix: mixed structure with precipitates (b) matrix: grain boundary (c) matrix: different precipitates

Fig. 8 SEM micrographs of 176 sample (a) and (b) matrix: equiaxed structure with precipitates (c) different precipitates

Fig. 9 SEM micrographs of 166 sample (a) and (b) matrix: equiaxed structure of primary grains and sub-grains with precipitates (c) different
precipitates; sub-grain boundary identification
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composed byM = (V,Nb, Cr) andX = (C,N) and their growth is
slow (Ref 14, 28-30). Figure 8(c) and 9(c) showdifferent types of
precipitates found in samples 176 and 166, respectively. The
smallest precipitates MXwere supposed to be responsible for the
good behavior that this alloy system presents at high temperature
(Ref 31, 32). It can also be noticed that in sample 166 sub-grains
are formed inside the martensite laths.

In Fig. 10, XRD patterns are presented. They were mainly
peaks in the planes (110), (200) and (211), belonging to the
matrix (a-Fe). It can be observed that with the PWHT the
peaks were slightly displaced to higher angles regarding the
AW sample. This fact could indicate that alloying elements
(as Cr, Mo, W) previously in solid solution have precipitated
as carbides M23C6, impoverishing the matrix (Ref 33, 34).
As it can be noticed, some peaks corresponding to these
carbides started to appear with the different tempering
treatments.

3.4 Mechanical Properties

3.4.1 Microhardness. In Fig. 11, the results of HV1000
determination are presented for the AW sample. Maximum
values corresponded to zones which were just beyond the FL,

where the material entered a biphasic field (d ferrite + austen-
ite), in the coarse grain HAZAWM. The achieved microstructure
was martensite with carbides and retained d-ferrite. The

Fig. 10 XRD patterns for different PWHT

Fig. 11 HV1000 microhardness of AW sample of horizontal line on multipass joint (5� layer)

Fig. 12 Effect of PWHT on microhardness HV1000
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Fig. 13 The effect of the initial strain rate on the mechanical properties in HTT at 600 �C and the strain hardening exponent (n) of the
Hollomon equation
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martensite was enriched in C coming from partially dissolved
carbides, which increased its hardness. Minimum values were
obtained in the intercritical fine grain HAZAWM (ICFG-
HAZAWM). In this area, a dual structure coexisted: martensite
and tempered martensite (Ref 35).

In the buttered area (which is part of the HAZWJ), there may
have been an intercritic zone between the two beads of the
buttering. This zone could have presented a lower hardness
(Point 1 in Fig. 11).

Figure 12 shows the microhardness evolution measured in
each step of the different PWHTs applied.

In sample 76, the hardness decreased due to the martensite
tempering.

In samples 176 and 166, an initial increase in the hardness
values was observed as a consequence of the solubilizing
treatment. At the high temperatures reached, carbides disso-
lution took place, increasing C and alloy elements contents in
the austenite formed, resulting in the highest martensite
hardness.

Regarding the final hardness achieved in the tempering of
both 176 and 166 samples, the lower temperature used in the
166 condition could be responsible for the higher hardness
values measured (Ref 30).

3.4.2 Hot Tensile Tests. Figure 13 shows the results
obtained from HTT and the strain hardening exponent (n)
calculated with the Hollomon equation.

It can be observed for each analyzed condition that the
strain hardening exponent (n) shows the same behavior. For
lower strain rate values, it increases with strain rate to reach
a maximum for 1.33E�03 1/s, accordingly with previous
results for a P92 steel (Ref 36). The dominance of dynamic
recovery is also reflected in the systematic decrease in flow
stress and workhardening parameters (n) with decreasing
strain rate. The dominance of dynamic recovery at high
temperatures has been related to the decrease in dislocation
density, formation of well-defined sub-grains rather than
poorly defined dislocation tangles/cells and rapid increase in
the size of dislocation substructure with increasing temper-
ature (Ref 37, 38).

Table 2 Mechanical properties at high temperatures and
the Larson–Miller parameterization calculated from all
PWHT

PWHT
Tensile strength Time (rUTS) Larson–Miller

parameter (C = 30)rUTS, MPa t, min

76 364 48.71 31.4
457 10.80 30.8
479 3.50 30.4
498 0.15 29.2

176 312 32.50 31.2
332 5.87 30.6
392 0.83 29.8
456 0.26 29.4

166 483 30.99 31.2
603 4.99 30.5
659 0.91 29.8
619 0.12 29.1

Fig. 14 Larson–Miller plot for different PWHT

Fig. 15 Effect of PWHT on toughness: Charpy-V at 20 �C values. Individual minimum value required: 38 J (Ref 6)
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Then, for higher strain rates, the strain hardening exponent
decreases with it. This behavior could be associated with
dynamic strain aging (DSA), reported previously for this type
of materials, temperatures and strain rates (Ref 36). It has been
shown that DSA causes an increased rate of dislocation
multiplication and delay in recovery of dislocation structure due
to the reduced propensity to cross-slip, leading to uniform
distribution of dislocations or poorly defined cell structure (Ref
39-44).

For 76 conditions, the reached values are higher than for the
solubilized conditions, and the mentioned effect of n variation
is more pronounced.

In Fig. 13, it can also be seen the effect of the initial strain
rate on the rest of the mechanical properties in the HTT at
600 �C. Tensile strength tended to increase with the strain rate
and reduction in area tended to decrease; elongation did not
present a clear trend.

Comparing both solubilized conditions (166 and 176) with
similar values of strain hardening exponent, the stress values
reached for 166 condition are higher, which could imply a
better performance for long service periods. Bueno et al. have
proposed a theory that correlates HTT-Creep, from which an
approximation to creep parameters can be obtained, considering
HTT results (Ref 17-19). The hypotheses on which this
reasoning is based are:

• The strain rate imposed in HTT correlates to the minimum
creep rate reached in the conventional creep test in similar
conditions.

• The ultimate tensile strength (UTS) reached in HTT corre-
lates to the stress applied in a conventional creep test in
similar conditions.

• The time at which UTS is reached in HTT correlates to
the necessary time to cause the break of the sample in a
conventional creep test in similar conditions.

The ultimate tensile strength (UTS) values achieved in HTT
have been parameterized according to the Larson–Miller model
considering them as stresses applied in creep rupture test
(CRT).

The Larson–Miller parameter is given by: LMP = T Æ (C +
log t), where LMP is the Larson–Miller parameter, T is
temperature (K), t is time (h) and C is a constant characteristic
of the material, which was obtained from the pattern of the
isostress lines creep tests of P92 all-weld metals of similar
chemical composition (Ref 44). Table 2 shows the results
obtained from the Larson–Miller parameterization using a value
of C = 30 normally applied for ferritic steels Type 9Cr-1Mo.

In Fig. 14, the results obtained with the Larson–Miller
parameterization are shown for all PWHTs conditions. Samples
166 achieved the highest tensile strength in the entire range
analyzed, followed by the 176 samples. Nevertheless, consid-
ering the LMP at constant temperature as an indicator of time to
fracture, a pronounced softening effect is observed in the
samples 176 showing a drop in the tensile strength for
LMP > 26 9 103. It can be said that the hardening mecha-
nisms of the microstructures obtained with this PWHT for this
condition fail to retard creep deformation. It is very important
to have microstructural obstacles that reduce the minimum
creep rate that result in components with longer creep life.
Samples 76 presented the lower curve with the lowest loss of
tensile strength, but always below that 166 condition. It is
reasonable to expect that the microstructural obstacles of

samples 166, which give them higher strength, degrade at a
higher rate.

The correlation between HTT and CRT proposed by Bueno
et al. (Ref 17, 18) can only be used for extrapolation purposes
when is accompanied with creep test data of long time duration
to ensure better reliability in these procedures. The results
obtained in this work are relevant since there is not information
about the application of the proposed methodology for weld
metal. In this sense, these results and their analysis can
contribute to better understanding of high-temperature mechan-
ical behavior of these types of materials. Moreover, the
production of new information about an alternative PWHT
applied to gas-shielded flux-cored arc welding is a relevant
issue in this area. The validation of these results by conven-
tional creep tests will be carried out in a future work.

3.4.3 Charpy-V Impact Tests. Figure 15 shows the
average values of Charpy-V impact tests at 20 �C. As expected,
all the PWHTs produced a toughness improvement, compared
to the AW condition. The highest toughness value was achieved
in sample 176, followed by sample 76 and then sample 166.

Comparing all the analyzed properties, we can observe that
sample 176 presented the highest toughness, with the tensile
strength and hardness being the lowest and with the elongation
and reduction of area being the highest of all the samples. The
opposite situation was reached by sample 166, sample 76 being
the intermediate one. Comparing microstructures of samples
176 and 166, it can be noticed that the first sample showed low
prior austenitic grain size, which could account for better
toughness. The prior austenitic grain sizes were not measured;
that affirmation came from the visual analysis of Fig. 8(a) and
9(a).

This kind of steel and its weldments are used in different
components of steam turbines. For turbine elements, high
strength at high temperature is required (Ref 14), then a PWHT
166 would be adequate. For tubes and boiler steam collectors, it
is necessary to satisfy requirements of both high tensile strength
at high temperature and toughness at room temperature (Ref 6-
11), then a PWHT 76 seems to be the more appropriate to give
the best combination of both properties.

4. Conclusions

For the all-weld metal deposits submitted to different
PWHTs, namely: (1) simple tempering (76), (2) solubiliz-
ing + simple tempering (176) and (3) solubilizing + double
tempering (166), the following conclusions were obtained:

• Microstructure: sample 166 showed the more uniform pre-
cipitate distribution in size and location. In addition, there
was an apparent sub-grain generation, obtained from the
fine particle accumulation inside the prior austenitic grain.

• Hardness: the heat treatments employed in this work did
not modify substantially the final hardness values. Sample
166 showed the highest value.

• Hot tensile property: sample 166 presented the highest
tensile strength (consistent with hardness) and the lowest
elongation values. The lowest tensile strength was
achieved in sample 176 with much higher elongation.

• Toughness: sample 176 results were very much higher
than those obtained through conventional simple temper-
ing treatment (sample 76). Sample 166 showed toughness
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in the same order of AW sample condition.
• According to HTT data and the Larson–Miller analysis in

a conventional creep test, it can be expected to achieve a
lower minimum creep rate with samples of solubiliz-
ing + double tempering PWHT.

Achieving high levels of toughness, tensile strength and
ductility are the purpose for any structural material. Neverthe-
less, these properties are generally opposed. In this study,
sample 166 showed the highest tensile strength and the highest
hardness, and the lowest elongation and toughness. Sample 76,
subjected to conventional thermal treatment, was in an
intermediate situation. Sample 176, on the other hand, reached
the highest toughness and elongation, but tensile strength was
the lowest.
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