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ABSTRACT
EN24 steel is widely used to fabricate components for power transmission in industry due to its
high strength to weight ratio. The hardness of this steel in tempered (T) condition, EN24T, is
between 265 HVi and 320HV3, and tensile strength between 850MPa and 1000MPa. On
request, some manufacturers can supply the material in annealed condition, EN24A, with a
hardness value of approximately 220HV 1o and slightly lower strength. This steel can be fusion
welded using a wide range of filler materials. However, no data has been provided for
microstructure and property changes when EN24 steel is welded with austenitic electrodes in its
Annealed and in Tempered condition in the presence of preheat and Post Weld Heat Treatment

(PWHT).

In this work, comparative mechanical properties and microstructural features of the weldment
and the Heat Affected Zone (HAZ) in EN24T and EN24A steel have been investigated. EN24T
steel and EN24A steel bars were first preheated to 288°C, arc welded with austenitic filler rods
(A5.4 E312-16) then subjected to PWHT at 350°C, 620°C and 675°C. Ultrasonic tests and X-Ray
radiography were done to rule out discontinuities in weldment. Mechanical properties of
resultant welded joint were considered to be a function of the filler rod material, base metal
microstructure prior to welding and PWHT. The morphological features of microstructure in the
Coarse Grained Heat Affected Zone (CGHAZ) and their evolution during PWHT were

examined.

Charpy impact energies of the CGHAZ, microstructure and tensile properties of welded

materials in relation to PWHT were evaluated.
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Hardness of EN24T steel bought from local market was found to be 328 HV, and it softened to
233 HVyg after annealing. Hardness of as bought EN24T steel reduced with increase in PWHT
temperature. Hardness of EN24A steel was not affected by PWHT. The hardest location in
welded specimens was found to be in the HAZ at approximately 0.6 mm from the fusion line.
Multi-pass welding was found to temper the previous HAZ and to increase the band of the
hardest region from CGHAZ to the Fine Grained HAZ. The same effect was found to occur
during PWHT. PWHT at 620°C and 675°C was found to temper all specimens to hardness below
300HV and a minimum difference in hardness levels between base metal and HAZ was found
during PWHT at 675°C. The tensile test specimens failed with a brittle fracture as no significant
necking was observed on all welded specimens at all the PWHT conditions in this study.
Generally, PWHT had no effect on the Ultimate Tensile Strength (UTS) of all specimens.
Temper embrittlement in the CGHAZ was observed from results of hardness level and impact
energy from EN24A steel subjected to PWHT at 350°C. The same was not observed on EN24T
steel specimens. The CGHAZ of single-pass welded specimens of EN24A and EN24T steel
presented a martensitic structure. The CGHAZ microstructure of specimens that were subjected
to PWHT at 620°C and 675°C comprised of carbide precipitates in ferrite. The microstructure of
EN24A steel was not altered by PWHT but that of EN24T steel was transformed from tempered
martensite to ferrite and cementite at 675°C. PWHT had no effect on the microstructure and

hardness of austenitic filler material comprising the weld metal.

At the PWHT temperature of 675°C the room temperature - impact energy of CGHAZ in EN24A

steel was higher than that of CGHAZ in EN24T steel by 22%.
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CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND

EN24 steel is a hardenable medium carbon low alloy steel. Low alloy steels contain Nickel,
Chromium and Molybdenum which maximize their strength after heat treatment [1]. They are
classified into three major categories: High Strength Low Alloy Steels (HSLA Steels), Quench
and Tempered Low Alloy Steels (Q&T steels) and Heat Treatable Low Alloy Steels (HTLA

Steels).

HSLA steels are composed of less than 0.2% C and less than 2% alloy content. Their yield
strength ranges from 275 to 550 MPa [1]. Carbides and nitrides in HSLA steels make grain
growth difficult by preventing movement of grain boundaries. The resultant reduction in grain

size improves their mechanical properties. They have weldability similar to mild steels [1].

Q&T steels contain a maximum of 0.25% C and less than 5% alloying content and their yield
strength ranges from 345 to 895MPa [1]. Q&T steels are often strengthened by quenching and
tempering to produce martensitic and bainitic microstructures. They have a low ‘Martensite start’
(MS) temperature brought about by their high alloy content. Thick sections of Q&T steels are

usually preheated before welding [1, 2].

HTLA Steels contain carbon content between 0.25 to 0.5% and up to 5% alloy content [1]. EN24
steel falls in this category. EN24 Steel has a low MS temperature and can be strengthened by
same processes as Q&T steels. The martensite formed in the HAZ of En24 steel is usually very

1



hard and susceptible to cold cracking. Like all HTLA steels, cracking tendency in EN24 steel is
reduced by preheating the steel prior to welding [3]. EN24 steel is often welded successfully by
using lower strength, low hydrogen filler materials [4, 5]. Several different covered electrodes
are used for welding EN24 steel; for instance, electrode types E10016 and E15016 can be heat
treated to strengths of between 1380 to 1550 MPa [6]. Inert gas welding technology is commonly
used with Filler rods of the same composition as the base metal. In contrast, filler rods of the
same composition as base metal have been reported to produce troublesome weld metal cracks
[6]. Filler rods of mismatched compositions such as austenitic filler materials are therefore
commonly employed in welding structures made from HTLA steels including EN24 steel since
they are known for good resistance to cold and hot cracking [7] and meet requirements of good

impact properties along with strength.

1.2 Problem statement

Austenitic electrodes are often used to weld a wide range of low alloy steels including dissimilar
steels and steels of unknown composition [8]. This study will investigate Manual Arc Welding of
EN24 steel with austenitic electrodes. Welding of EN24 steel is preferred to be carried out in
annealed condition [9] except this is not always possible. Researchers [10, 11] have established
that technical problems in regard to welding of steels can be eliminated by employing specific
welding procedures and consumables. However, no comparative data has been provided for
microstructure and property changes when EN24 steel is welded with austenitic electrodes in its
annealed (EN24A) and Tempered (EN24T) condition in the presence of preheat and Post Weld
Heat Treatment (PWHT).

Components restoration by welding is often quicker and cheaper than replacing them entirely.

Components made from low alloy hardenable steels can be restored by welding provided special

2



precautions are observed. Tempered steels usually retain some hardness, become tougher and
weld better than in their ‘as quenched’ condition. EN24T is a product of tempering quench-
hardened EN24steel. When EN24T is welded with austenitic electrodes and post-heated, the
mechanical properties of the weld joint are expected to be different from that of same material
processed from an annealed condition (EN24A). This is because of the differences in
microstructure of baseplate prior to welding [12]. Investigations will determine whether
annealing of EN24T is necessary before welding with austenitic filler materials. The annealing

process represents an increase in cost of production.

1.3 Objective of the Study

To characterize the effects of PWHT on the microstructure and mechanical properties of the

weldment and the HAZ of EN24A and EN24T steel welded using austenitic electrodes.

Specific objectives
i.  To survey the hardness of weldment in order to find the hardest and most brittle location

of the HAZ in single and multi-pass welded joints.

ii. To characterize and compare microstructure of the hardest region of HAZ in welded

EN24T and EN24A steel before and after PWHT.

iii.  To determine and compare the fracture energy from impact tests on the hardest region of
HAZ in multi-pass welded EN24A and EN24T steel before and after PWHT.
iv. ~To determine and compare tensile properties of multi-pass welded EN24A and

EN24Tsteel in relation to microstructural changes caused by PWHT.



CHAPTER TWO

LITERATURE REVIEW

2.1 EN24 steel

EN24 steel is a heat treatable low alloy (HTLA) steel widely used due to its high strength to
weight ratio. It is a low alloy martensitic steel popularly described as a 1iper cent Nickel
Chromium Molybdenum Steel. The EN24 steel designation is a British standard specification

equivalent to AISI 4340 steel and DIN 17200-34CrNiMo6 steel [13].

Aircraft-quality AISI 4340 (designated E4340) has been used in the manufacture of aircraft
landing gear, missiles and main rotor yoke for commercial and military helicopters for many
years. Strong light-weight materials have been responsible for the ever increasing efficiency of
airborne vehicles. Commercial quality EN24 steel is used in production of shaft - power
transmission components, high tensile bolts, mandrels for tube manufacture, gun barrels, breech
mechanisms, components for dies, plastic and rubber molds, hydraulic rams and pistons and
various parts of machine tools. EN24 steel is commonly supplied in quenched and tempered
condition, with hardness values between 265 HV and 320HV and ultimate tensile stress (UTS)
between 850 MPa and 1000 MPa [14, 17]. Induction or flame hardening of EN24 steel can give
high case hardness of approximately 510 HV [15]. It has a high ability to strain-harden making
it slightly difficult to machine with high speed tools but it is readily machinable with carbide
tools. In the annealed condition, the machinability of EN24 steel is 53% slower compared to
mild steel [13].

The weight percentage of carbon in EN24 steel ranges from 0.35% to 0.45% and total alloying

content is between 2.99% and 4.69 % (Table 2.1).



Table 2.1: Typical chemical composition of EN24 steel [9, 16, 18]

Element | C Ni Cr V Mo Si Mn S P

% by 0.35- | 1.3- 0.9- 0.09 |0.2- 0.1- 0.4- 0.04 Max | 0.04 Max
weight 0.45 1.8 1.4 0.35 0.35 0.7

2.1.1 Role of alloying elements.

Hardenability tests on EN24 steel reveal that untempered martensite with hardness more than
550HV can be maintained to a depth of 15 mm from the quenched end of a Jominy specimen
[19]. Nosov et al [20] states that hardenability of low alloy steels is depended on alloy content
and accurate hardenability values can be calculated directly from their alloy chemistry. However,
Grange et al [21] found that for AISI grade steels, including EN24 steel, carbon has the sole
influence in the hardness of untempered martensite. All the other alloy elements tend to retard
softening of the ‘as quenched’ martensite especially when tempering is done at temperatures

above 204°C [21].

The specific roles played by major alloying elements in EN24 Steel are briefly outlined:-

Carbon

Carbon has the greatest influence on hardness of ‘as quenched’ martensite [21]. The higher the

carbon content, in steel, the higher the ‘as quenched’ hardness.

Silicon

Silicon is used as a powerful deoxidizing agent during production of steel. It improves fluidity
during casting of steels. In heat treatable steels, silicon increases strength of tempered martensite

by solid solution strengthening. It inhibits conversion of e- carbides (Fe,4C) to cementite (FesC)




when tempering is carried out at 316°C. Silicon content greater than 0.3% reduces notch

toughness and weldability [21].

Manganese

Manganese is used as a deoxidizing agent during production of steel but it is not as powerful as
aluminum and silicon. It has affinity for sulphur and therefore combines with it to form
manganese sulphide which is insoluble in steel. If manganese sulphide is not completely
removed as slag during steel making, then, the amount that remains exists as insoluble non-
metallic inclusions. In heat treatable steels, manganese increases hardness of tempered
martensite by retarding coalescence of carbides. It behaves like a mild solid solution strengthener

in ferrite [21].

Phosphorous

For heat treatable steels, phosphorous tends to decrease fracture toughness. Phosphorous levels
less than 0.05% can cause embrittlement by segregating to the prior austenite grain boundaries
(PAGB) during tempering [21]. Phosphorous at higher levels has high potency for promoting
hardenability by strengthening ferrite through substitutional solid solution strengthening; but
due to undesirability of tempered martensite embrittlement (TME), phosphorous levels are held
at no more than 0.04% in heat treatable steels [2]. Phosphorous has little effect on carbides size.
At tempering temperature above 204°C, phosphorous increases strength of tempered martensite

by solution hardening of the ferrite matrix.



Nickel

It is a weak solid solution strengthener. It has a small effect on the hardness of tempered
martensite [21]. Nickel is often added in combination with chromium. It improves fracture

toughness in high strength steels. Nickel as an alloy addition causes no difficulty in welding [2].

Chromium

It is responsible for the good atmospheric corrosion resistance of EN24 steel. It easily forms
chromium carbides and improves hardenability. Chromium retards softening of martensite at all
tempering temperatures and its maximum effect is achieved at 427°C. At higher tempering
temperatures its carbides retards coalescence of cementite [21]. In heat treatable steels such as
EN24 steel, controlled amounts of chromium are added to avoid excessive hardening or cold

cracking of the heat affected zone during welding [2].

Molybdenum

Molybdenum is often added to reduce susceptibility to temper embrittlement. It retards softening
of martensite at all tempering temperatures. At higher tempering temperature, it partitions the
carbide phase thereby producing a distribution of large quantities of small carbide particles [21].
The typical content of molybdenum existing in hardenable steels such as EN24 steel is often
supplemented by elevated manganese content and small amounts of nickel. The reason is to
suppress formation of pearlite in the microstructure or to reduce the size of pearlite areas and to

produce cementite lamellae. At higher amounts it improves creep resistance and strength [2]



Vanadium

Vanadium has a great influence on the hardness of tempered martensite. It improves
hardenability even when added in low amounts. Effect of vanadium is probably due to
precipitation of vanadium carbides (V4Cs or VC), which replaces cementite at high tempering

temperatures and exists as a fine dispersion up to the lower eutectoid (Al) temperature [21].

The other noteworthy effect of alloying elements is their influence on upper critical temperature
(A3), eutectoid temperature (Al) and martensite start (MS) temperature in low alloy steels [2].
When MS temperature is reached during cooling of austenite, martensite begins to form and this
continues until martensite finish (Mf) temperature is reached. Equations 2.1 to 2.3 show

relationships between transformation temperatures and alloy content [22].

A3 (°C) = 0.56{1570-323(%C)-25(%Mn) +80(%Si)-32(%Ni)-3(%Cr)-32} (2.1)
AL (°C) = 0.56{1333-25(%Mn) +40(%Si)-26(%Ni) +42(%Cr)-32} (2.2)
MS (°C) = 0.56{1042-833(%C)-60(%Mn)-30(%Ni)-38(%Mo)-32} (2.3)

2.1.2 Continuous Cooling Transformations diagram

Continuous Cooling Transformations (CCT) diagram depend on alloy chemistry of steel and its
cooling rate from austenite phase to determine its final microstructure. Figure 2.1 shows the CCT
for AISI 4340 steel (EN24 steel). A critical cooling rate of 8.3 °C / s is necessary to transform
austenite to martensite in this steel [23]. MS at 300°C and Mf at 80°C were observed [13] during
Continuous Cooling Transformations of a round bar @25 mm of EN24 steel which had been
water quenched from 830°C . Same MS and Mf were observed when bars of @20 mm or less

were cooled in air from the same austenitizing temperature. Slower rates of cooling, Figure 2.1,



result in formation of a bainitic microstructure which has a lower hardness than a martensitic

microstructure [13, 23].
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Figure 2.1: CCT diagram for EN24 steel [23]




2.1.3 Heat treatment.

The aim of heat treating steel is to achieve desirable microstructure and physical properties. By
virtue of its carbon content, EN24 steel is a hypo-eutectoid steel. Hypo-eutectoid steels are
usually heated 25°C to 50°C above the A3 temperature (Figure 2.2) during annealing,
normalizing and quench hardening heat treatment. Research has revealed the desirable
austenitizing temperature for EN24 steel to be 844°C [24]. Austenitizing at higher temperatures

IS expensive as more energy is required and does not lead to any significant changes in ‘as

quenched’ hardness [16]
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Figure 2.2: Iron-Iron Carbide Phase diagram [2]
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2.1.3.1 Annealing

This is achieved by allowing a uniformly austenitized EN24 steel to cool down in the furnace to
room temperature [25] or to cool to its MS temperature in furnace before withdrawing to cool in
air to room temperature. The ‘as annealed’ hardness for EN24 steel lies between 16-22 HRc (=
200HV) [16]. Welding of EN24 steels in the hardened and tempered condition is not
recommended and should be avoided if possible, as the mechanical properties will be altered
within the weld heat affected zone. It is preferred that welding be carried out on EN24 steel
while in the annealed condition prior to hardening and tempering. If welding in the hardened and
tempered condition must be carried out, then the work piece, immediately on cooling down to
room temperature should be stress relieved at 15 °C below the original tempering temperature

(if known)[5].

2.1.3.2 Quench Hardening

Higher hardness of EN24 steel is achieved by quickly quenching a uniformly austenitized
material in oil [5, 25]. Tempering on quench-hardened EN24 steel is usually carried out to the
desired strength and toughness levels [26] as soon as it cools to room temperature. Induction
hardened EN24 steel has very good fatigue and wear resistance and maintains good strength at
service temperatures below 315°C [17]. Induction hardening is mostly preferred during

manufacture of gears, splines and power transmission shafts.

2.1.3.3 Tempering

Tempering is carried out on martensitic steels in order to reduce the hardness and brittleness of
martensite after quench hardening. This process relieves the internal stresses introduced during

guench hardening and reduces hardness of martensite thus leading to increase in ductility and
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toughness. Tempered En24 steel finds applications in heavy duty shafts, high tensile bolts and

couplings [5].

The effect of tempering temperature and time on tempering parameter (hardness) of steel with
carbon content ranging from 0.31 to 1.15% can be expressed by the Holloman and Jaffe

expression [27].

Tempering parameter =T (¢ + log t) (2.4)

Where ‘T’ is the temperature in Kelvin, t is the tempering time in seconds and ‘c’ is a constant
that depends on the type of steel. Bryson [28] observed that it made little difference if tool steels
are soaked for 6 hours or 6 days during tempering. This implies that tempering temperature has
more influence on the outcome than time and as such tempering tool steel beyond 6 hours is

unnecessary.

For high strength and toughness, such as in gears and cutting dies, tempering of EN24 steel is
performed for 2 hours at temperatures between 180°C and 250°C and for other purposes, such as
power transmission shafting, tempering is carried out between 550°C and 660°C [6, 13, 19].
Effects of tempering on hardness and impact properties of EN24 steel are shown in Figures 2.3
and 2.4. Figure 2.3 shows an almost linear decrease in hardness with tempering temperature.
Low impact energy values in EN24 steel (Figure 2.4) are obtained at low tempering temperature
(100 to 200°C). A further reduction in toughness occurs at tempering temperatures between 200
and 450°C. However, tempering at higher temperatures between 450 and 700°C causes almost

linear increase in toughness.
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2.1.3.4 Normalizing

This treatment may be carried out on hot or cold worked EN24 steel products to refine their
microstructure prior to final heat treatment. The nominal normalizing temperature for EN24 steel

is 815 ° C followed by cooling in air to room temperature. Soaking time at the normalizing
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temperature depends on the thickness of the product and it is approximated to be 1 hour per 25
mm of thickness. Production experience may necessitate a temperature either 10 ° C above or
below the normalizing temperature. As a rule of thumb, when forgings are normalized before,
say, carburizing or hardening and tempering, the upper range of normalizing temperatures is

used. When normalizing is the final heat treatment, the lower temperature range is used [15]

2.1.4 Microstructures
The major microstructures in low alloy steel and EN24 steel are reviewed in sections 2.1.4.1 to

2.1.45.

2.1.4.1 Austenitic microstructure

Growth of austenite grains is enhanced by the length of time at elevated temperatures above A3
[23]. Dilatometric and calorimetric analysis of tempered martensite in 1.13% C steel has shown
that diffusion of carbon into austenite during austenization is the rate controlling mechanism of
an austenite microstructure [29]. Not all austenite transforms to martensite during quenching.
Retained austenite is the amount that remains untransformed. Medium carbon steels of 0.4% C
like EN24 steel can have approximately 5% retained austenite [30]. The quantity of carbon in

retained austenite is usually significantly higher than the general carbon content of the alloy [31].

2.1.4.2 Annealed microstructure

The microstructure of as quenched EN24 steel consists of martensite, Figure 2.5 (a), compared to
the annealed microstructure that consists of lamellar pearlite colonies in ferrite, Figure 2.5 (b).
Figure 2.5 (c) shows a microstructure of tempered martensite and numerous carbides precipitates

coexists with tempered martensite after tempering, Figure 2.5 (d).
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Figure 2.5: SEM Images of EN24 steel after austenitizing at 850 °C and (a) quenching in oil, (b)
cooling in furnace to room temperature, (c) quenching in oil and tempering for 1 hour at 550 °C
and (d) Back Scattered Electron image of (c) showing distribution of carbides after

tempering [16]
2.1.4.3 Bainitic microstructure

Bainitic microstructure is composed of alpha ferrite and a dispersion of iron carbide. Two types
of bainite namely upper and lower bainite are documented [32]. Lower bainite consists of non-
lamellar aggregate of ferrite and carbides. Upper bainite consists of cementite and bainitic ferrite
without carbide precipitates. Upper and lower bainite exists with retained austenite or

constituents such as martensite or cementite which form after growth of bainitic ferrite. The
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decrease in strength on tempering bainite is smaller because unlike martensite there is hardly any
carbon in solid solution [32, 33]. Figure 2.6 shows optical microstructure of bainite and
martensite in medium carbon steel 0.38% C micro-alloyed with 1.01% Cr and 0.12 % V. At this
resolution, it is difficult to distinguish between upper, lower and coalesced bainite without
having prior knowledge at higher resolution through transmission electron microscopy [34].
Bainite is dark etched relative to martensite [35] because it consists of a dispersion of carbides in

ferrite.

Figure 2.6: Bainite and Martensite in a quench hardened 0.38% C steel closely conforming to

EN24 steel [35]

2.1.4.4 Martensitic microstructure

Martensite is the hardest and strongest microstructure produced by medium and high carbon
steels (0.3-1.5% C). It is well known that 100% martensite represents the highest level of
hardness achieved by any steel. However, the volume fraction of martensite in steel can be

controlled by a heat treatment procedure [21]. Saeidi et al [36] carried out controlled heat
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treatment of EN24 steel and produced dual structured steel composed of martensite/ferrite and

bainite/ferrite with 34% ferrite in both cases.

Martensitic microstructures can comprise mixtures of retained austenite, carbides and martensite
crystals of several morphologies [37]. Observations using Atom Probe Tomography (APT) have
shown segregation of carbon atoms at lath boundaries and intra-lath boundaries in auto-tempered
0.1-0.5% C steels [38]. Martensite exists in a matrix of martensitic crystals in lath morphology

depending on Carbon content (Figure 2.7) [37, 39].

Figure 2.7: Optical micrographs for lath martensite in (a) 0.0026% C (b) 0.18% C (c) 0.38% C

and (d) 0.61% C Steel. Etching solution was 3% nital [40]

Martensite packets formed within austenite grains are controlled by the size of the grain. The
packets subdivide further into blocks [41]. It has been found that the block size of lath martensite
is a parameter that influences strength in hardenable steels. Typical width of lath as found
through TEM imaging is approximately 1micron. High Dislocation density within martensite

laths is also evident (Figure 2.8) A decrease in lath width or packet diameter in lath martensitic —
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bainitic steels leads to an increase in yield strength [42, 43]. Recent reviews [37, 43] have
established that the yield strength of lath martensite can be expressed by the equation:

0y =0,+0ptostkypd0° (2.5)
where:

a,=friction stress of pure iron, o,,= precipitation hardening component catering for hardening of
dislocations within laths and in low angle boundaries, o ,=component for solid solution
hardening, kyp= Hall-Petch slope and d= the effective grain size or the spacing of high angle

boundaries.
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Figure 2.8:T.E.M image of lath martensite in 0.2 % C steel [44].

2.1.4.5 Tempered EN24 steel

High tempering temperature transforms the microstructure in 0.42% C steel from martensite to
carbide precipitate in alpha-iron matrix (Figure 2.9 b). Tempering EN24 steel at temperatures
ranging from 580-650°C was found to be characterized by a microstructure of lower bainite with

numerous precipitates of carbides [45]. At low tempering temperature (200°C) the carbide
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precipitates in EN24 steel have a plate like structure [46] and a spheroidal one at high tempering
temperature (650°C). Parker et al [47] carried out studies on fracture toughness of quenched and
tempered EN24 steel, AISI 4130 and 300M and found blocky ferrite, twinned martensite plates
and upper bainite to be deleterious to fracture toughness. On the other hand autotempered
martensite, lower bainite and retained austenite were found to enhance toughness [47]. Auto-
tempering is a phenomenon in which the first formed martensite near MS temperature is

tempered during the remaining process of quenching or cooling.
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Figure 2.9: Optical micrograph for (a) As quenched martensite (b) tempered martensite in a
0.42% C steel tempered at 704 °C (Magnification 500) [21].

2.1.4.5 Tempered Martensite embrittlement

The lowest Charpy impact energy (Figure 2.4) for EN24 steel is obtained at around 350°C and it
is caused by Tempered Martensite Embrittlement (TME) [48]. The embrittlement is caused by
the presence of fine carbides and retained austenite [49, 50] and when Fe,4C (e- carbide) is
replaced with interlath cementite during tempering. Lim et al [51] carried out APT to measure

amounts of carbides and impurities in EN24 steel tempered at 400°C. The results clearly showed
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that formation of film-like carbides and phosphorous segregation was the main cause TME. Horn
et al [52] found fracture in embrittled structures in EN24 steel was caused by interlath cleavage.
No evidence of intergranular cracking was observed but they also noted segregation of residual
impurities of manganese sulphide along grain boundaries and interlath/intralath carbides (Figure
2.10). Bhadeshia et al [30] found TME in Fe-C-Mo steel to be depended on the relatively coarser
intralath cementite rather than the interlath cementite resulting from the decomposition of less
than 2% retained austenite present as films between the martensite laths. In a Fe-C-Mn-Si Steel
containing fine carbides and negligible retained austenite, TME was not found.

Eliaz et al [48] found fractography to be a reliable tool in determining which, under similar
conditions, between hydrogen cracking, stress corrosion cracking and TME is responsible for

failure in EN24 steel structures.
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Figure 2.10: (a) Optical Micrograph for EN24 steel austenitized at 1150 °C followed by
guenching and tempering at 350°C and (b) SEM image under the same heat treatment
conditions[49]

2.2 Manual Metal Arc Welding

Manual Metal arc welding is the most common and cost effective fusion welding process

employed in welding of low alloy steels including EN24 steel. It is generally used to join

21



components and materials in an assembly during production, repair and maintenance [53, 54].
Welding can be executed quickly and leak proof joints can be produced cost effectively.
However, welding can create harmful HAZ, residual stresses, discontinuities and distortions.
Inherent and invisible flaws can cause catastrophic failures in welded structures. A welding
power source is usually used to convert utility energy to proper levels of heat input required to
melt the filler metal and base materials [55-58]. Welding parameters determine the generated
heat input and affect welded joints in terms of quality, grain size and structural phases [59]. The
type of filler materials, heat flow characteristics and weld quality are considered when welding

low alloy steels [60-62].

2.2.1 Composition of filler rod

A wide range of filler materials are used in welding low alloy steels. The austenitic weld metal
used in this study comprises about 30% ferrite in an austenite matrix. The structure is resistant to
solidification cracking and has good wear/corrosion resistance. The weld metal is capable of

withstanding heavy impacts or shocks in service [63].

2.2.2 Energy generated during welding

The heat input and conductivity of base metal (BM) influences the width of the HAZ and cooling
rate of weldment and therefore impacts on the mechanical and microstructural properties of
welded joints [59, 64]. Heat input is directly proportional to voltage (V) in volts, current (1) in
Amperes and it is inversely related to the welding speed (v) in mm per second as shown in

equation 2.6. The typical heat input during arc welding ranges from 0.5 to 3.0 kJ/ mm [64, 65].

60VI
1000v

Heat Input = (2.6)
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2.2.3 Cooling time from 800-500°C

Cooling time varies depending on the gross heat input, initial BM temperature and thickness [12,
66]. Slow cooling rates of the order of 5°C / s are typical of high heat input with moderate
preheat. Faster cooling rates (60°C / s) are typical of lower heat input with no preheat [67]. The
cooling time from 800°C-500°C, Atgs or simply At, determines cooling rate of the HAZ and
influences austenite transformation during welding of steel [68].

In case of 3-Dimensional heat flow, like welding of thick steel plates, considered in this study: At
is approximately proportional to E.

At ~5nE (2.7)
where n = arc efficiency and E = gross heat input in kJ/ mm.

Arc efficiency for metal arc welding ranges between 65-85% [68].

The temperature T at time t () in a welding cycle can be fully characterized by equation 2.8 [69].

A A 0
T-To = 0177 exp - [ (=] (2.8)
where:-
1 _ 1 1
6, (773—To ) 1073—T0) (2.9)

0, = reference temperature interval for thick steel plates
T = Temperature (K)
T,= Initial or Preheat Temperature (K)

Tp= Peak Temperature (K)
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2.2.4 Preheat and interpass temperatures

Controlled preheat is recommended for medium and high carbon steels in order to reduce the
cooling rate of the HAZ. Preheat temperature is calculated from the Carbon Equivalent (CE) of
steel. The value of CE for steel with carbon content greater than 0.18 % is represented by

equation 2.10 [70-72].

(Mn+Si) | (Cr+Mo+V) . (Ni+Cu)
6 5 15

CE=C+ (2.10)

Preheat and inter-pass temperature for CE between 0.47 and 1.0 can be calculated using equation
2.11 [62, 73]:

Preheat Temperature (°C ) = 450v/CE — 4.2 (2.11)
It is important to note that Inter-pass temperature in arc welding can safely exceed preheat
temperature by between 40°C and 95°C [74] but it is not allowed to fall below the calculated
preheat temperature [3]. Both preheat and PWHT are necessary when the CE is greater than 0.55
to avoid cold cracking and other metallurgical complications inherent in welded high strength
steels [10, 75].

2.2.5 Post Weld Heat Treatment (PWHT)

PWHT s carried out at temperatures below Al because PWHT above the Al results in
reformation of austenite. Before commencement of PWHT, the HAZ should be allowed to cool
to a temperature below Mf, as shown in Figure 2.11 (a). If not, there can be undesirable retained
austenite left in the HAZ. The retained austenite may transform into ferrite and pearlite during
PWHT or to untempered martensite upon cooling to room temperature [76, 77]. PWHT relaxes
ferrite by facilitating grain boundary sliding and tempers any martensite in the weldment by
changing it into discrete carbides leading to a decrease in dislocation density and therefore
greater toughness [78]
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Figure 2.11: Thermal history during welding and PWHT of HTLA steel: (a) desired; (b)

undesired [1]

2.2.6 Quality control in welding

Welding quality depends on the degree of compliance of base materials, consumables and weld
discontinuities with established requirements [79, 80]. It is practically impossible to fabricate a
completely defect free structure. The task is usually to ensure a minimum number of tolerable
flaws [72, 81]. Visual inspection is commonly used in flaw detection. Detailed Non Destructive
Test methods include Radiography and Ultrasonic tests [80, 81].

2.3 Welding of EN24 steel

EN24 Steel can be welded by all types of fusion processes, flash butt welding and resistance
welding [6, 82]. Welding the steel in Q&T condition should be followed by tempering at a
temperature 15°C lower than the last known tempering temperature [5, 14]. Due to thermal
stresses and metallurgical conditions of the welded joint, it is recommended that the welding
operation should be preceded by preheating to avoid cold cracking [5, 10, 16]. Calculation of
preheat temperature from Equations 2.10 and 2.11 (section 2.2.4) and composition of EN24 steel
(Table 2.1) gives a preheat temperature range between 262°C and 374°C. In practice [4, 74],

preheat and inter-pass temperature of 288°C is recommended when welding EN24 steel with a
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low hydrogen filler material and 315°C for other filler materials. Since the CE of EN24 steel is
above 0.55, as calculated from its alloy composition (section 2.2.4), PWHT is recommended to
be carried out after the welding operation [10, 75]. PWHT for EN24 steel is usually carried out at
temperatures between 593°C and 677°C, holding it for a length of time (typically one hour per 25
millimeters of thickness) and allowing it to cool in air to room temperature [74].

EN24 steel can be welded with matching and non-matching filler materials. Generally, stainless
steel filler materials forms joints of lower strength except in thin sheets of EN24 steel where the
weld metal is dilute and stronger [6]. Austenitic (or American Standard AWS A5.4 E312-16)
electrodes are recommended for welding medium carbon, low alloy steels [8, 63]. These filler
materials have lower carbon content than EN24 steel and have UTS of approximately 700MPa.
Bend tests on welded EN24 steel have demonstrated that welding with filler material of lower

carbon content reduces risk of crack formation [83].

2.3.1 Effect of Peak temperatures on microstructure

Peak temperature in a weldment affects the cooling rate of microstructure and changes the
structure of the base metal and the prior austenite grain size in the immediate neighborhood of
the weld metal as depicted in Figures 2.12 and 2.13. High peak temperature has significant
effects on prior austenite grain size. The cooling rate of austenite, as deduced from Figure 2.12,

has insignificant effect on prior austenite grain size.
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Figure 2.12: Peak temperatures and HAZ during welding for a 0.15%C steel [56]
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Besides the sustained thermal cycle, the HAZ microstructure, grain size and texture are
influenced by the original BM microstructure [12, 84, 85]. The HAZ in single-pass welds
comprises three distinct regions namely coarse grained heat affected zone (CGHAZ), fine
grained heat affected zone (FGHAZ) and inter-critical heat affected zone (ICHAZ) (Figure 2.12).
Austenite grain growth in EN24 steel occurs in the CGHAZ and the martensite formed in this
region can be very hard and brittle [22]. Simulations at varied peak temperatures on low carbon,
11.5% Cr- steels [86] revealed that the CGHAZ is a thin zone adjacent to the fusion line and it
varied in thickness from 0.2 to 1.0 mm depending on the heat input. In the FGHAZ, the attained
peak temperature is above A3 but below the grain coarsening temperature. A combination of
smaller pre-austenite grain sizes and subsequent ferrite nucleation and growth reduce the grain
sizes further [22]. A mixture of the original base plate austenite and ferrite is found in ICHAZ
since re-austenization does not occur in this region [75].

Successive passes during multi-pass welding produce changes in the fusion and heat-affected
zones of earlier passes resulting in reheated zones comprised of recrystallized CGHAZ and
FGHAZ. In welds containing 0.68-1.36 % Mn the most brittle region was found to be in the
CGHAZ reheated to a peak temperature of 1350°C [87]. The reheat energy input increased the
austenite grain size in the region. This, however, was not the case when high strength
bainitic/martensitic steel containing 0.12% C, 0.6% Mn, 2.4% Cr, 0.99% Mo (and 8 ppm Boron)
was reheated during multi-pass welding. Strunk et al [88] found that properties of the initial
CGHAZ microstructure of the steel were not altered by thermal cycling of subsequent passes.
Therefore, depending on the type of steel, multi-pass welding may or may not alter the CGHAZ

microstructure significantly.
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2.3.2 Weld Metal Microstructure

Savage et al [89] while studying the fusion boundary of HY-80 Low alloy steel (0.18% C, 2.99%
Ni, 1.68% Cr) weldment found strands of melted but unmixed base metal in the bulk of weld
metal. They found wide spread segregation of alloying and impurity elements in the inter-
dendritic spaces. In austenitic steel weld metal (16% Cr, 12% Ni and 0.015% C) a form of
martensite designated «,,, and &,, martensite is reported to form at very low temperature owing

to its low MS (-59°C) temperature [90].

2.3.3 Discontinuities in Weld Metal and HAZ.

With all other parameters such as welding characteristics and filler materials constant, cracks are
a major cause of failure of welded components. Discontinuities listed in order of decreasing
severity are undercuts, slag inclusions, lack of penetration and porosity. Solidification cracks
may be caused by low melting point eutectics or impurities at the grain boundaries or simply, by
plain grain boundary weakness in weld metal [22, 79]. Reheat cracks may occur during PWHT
or when EN24 steel is subjected to high temperature (350°C-550°C) service [91]. The cracks can
occur in EN24 steel because it contains secondary carbide formers such as Cr, Mo, and V. These
carbides normally dissolved in the CGHAZ during welding precipitate again during PWHT and

may cause inter-granular fracture along prior austenite grain boundaries PAGB [91, 92].

EN24 steel may be susceptible to hydrogen cracking. A hard HAZ easily cracks if hydrogen
dissolved in the weld metal diffuses into its microstructure [93]. In EN24 steel it has been found
that hydrogen entrapment occurs along martensite lath intersection with PABG [94]. This causes
micro-cracks along intergranular facets which grow to visible cracks as the hydrogen pressure

increases. This is often remedied by post heating; more time at elevated temperatures allows the
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dissolved hydrogen to escape from the HAZ [50, 95] without causing damage. Kinsey [96] found
that hydrogen cracking on some high strength steels can be avoided if filler materials with less
than 5ml H,/100g of deposited weld are used. In austenitic weld deposits, Cr, Mo, Si and Nb
promote formation of delta ferrite which greatly reduces the cracking tendency [97, 98].
Generally, when low carbon electrodes are used to weld high carbon BM, there may be Carbon
pick up in the weld pool due to dilution and solid state diffusion from the BM [99]. However,
highly alloyed structure of low carbon austenitic weld metal is extremely tolerant to dilution

from hardenable steels [8].

2.3.4 Residual stress

Contraction of the weld metal during solidification is known to cause residual stresses, distortion
or cracking of welded components. Residual stresses in weldment can be as high as the yield
strength of the base metals [95, 100, 101]. They are remedied by means of mechanical shock
(hammering, blasting, shot peening) or by post heating. Such treatments cause metal to undergo
local plastic strain which leads to a reduction of the stress [102, 103]. Residual stress can also be
reduced by the Ultra Sonic Impact Treatment (UIT). Simulations have been carried out on effects
of overloads on fatigue life of welded joints and fatigue strength improvements due to UIT.
Results from simulations have been found to match with those obtained in practice [104]. If
residual tensile stresses are not removed, they tend to shorten the life a part by lowering its

fatigue resistance and reducing its load carrying capability [105,106].
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2.4 Mechanical properties

In practice, butt weld tests must include at least one transverse tensile test, CVN impact tests,
hardness tests and micrographs of weld cross-section [65]. For a given metal, welding tests
(whether actual or simulated) can only provide data to compare different welding procedures or
processes [107]. Tensile test for weld metal is normally performed on an all weld metal tensile
test specimen [4, 108]. On the other hand, transverse welded tensile test specimen is used to test
the base metal and the weld joint. Therefore, tensile tests results on welded materials are usually
limited to UTS since the specimens are non-homogeneous [83, 107]. It is important to note that
the tensile strength of steel can be deduced from its hardness since the two properties are
correlated [109-111]. Hard martensite responsible for hardness of steel presents with low notch
ductility during a Charpy impact test [112]. Discontinuities in weldments can reduce mechanical

properties significantly because they act like local stress risers.

2.4.1 Effect of welding on Hardness of HAZ

Hardness of HAZ increases with carbon content and rate of cooling due to increased solution
hardening and formation of the martensite phase [113]. Studies on metal arc welding on
industrial low carbon steel (0.19 %C) [114] showed maximum hardness values in the HAZ.
Ramirez et al [115] while studying CGHAZ in V-micro-alloyed X60 steel pipe determined that
the maximum hardness of the CGHAZ increased from 233 to 392 HV as the cooling rate from
800°C to 500°C changed from 5 to 80°C/s.

Investigations on hardness gradients in HAZ of welded Q&T steels (UTS 690Mpa) [108]
showed they were different from those of lower Carbon equivalent steels. The peak HAZ
hardness was found to be displaced from the CGHAZ to the FGHAZ. This phenomenon is

considered to be caused by austenite grain size hardening effect and bainitic hardenability that is
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high enough to result in the same microstructure in the GCHAZ and FGHAZ except for

significant refinement of the microstructure of the FGHAZ [116].

2.4.2 Effect of PWHT

PWHT may have beneficial, harmful or have minor effects on the properties of a weldment
depending on alloy chemistry of steel, welding procedure and the PWHT parameters employed
[117, 118]. PWHT on low carbon structural steels can improve toughness without making any
significant difference in UTS and hardness. PWHT has been found to reduce residual stresses in

welded low carbon structural steel by about 70% [119].

PWHT for EN24 steel is usually carried out at temperatures between 593°C and 677°C for a
period of time governed by the thickness of the material (normally 1 hour for 25mm of
thickness) and after cooling down to room temperature. If filler rods other than the low hydrogen
types are used then PWHT may be carried out one hour after completing the welding operation
[71, 74].

The effect of PWHT in the HAZ of EN24 steel is similar to that of tempering the ‘as quenched’
steel at an equivalent tempering temperature. As PWHT or tempering temperature increase, the
strength and hardness of the HAZ or the material decreases. Prabhavalkar et al found a good
combination of strength (UTS 1108 MPa) and hardness (330HV) in EN24 steel at a tempering
temperature of 580°C [45]. Studies on the effect of PWHT on microstructure and mechanical
properties of arc welded reactor pressure vessel steel SA 508 GR 4N (0.23 % C) [120] showed
astounding improvements in toughness. The microstructure of the HAZ in the pressure vessel
was found to be fully tempered. Similar effects were found by Silwal et al [121] after they
investigated impact toughness of HAZ in Grade P- 91 steel after a 760°C, 2hour PWHT. Roberti
et al [122] investigated the fracture toughness of ASME SA 542M (0.15 %C) steel used under

32



severe conditions in the petrochemical industry. PWHT was carried out on samples at 750°C and
holding time of 1hr for each 25mm of thickness. Evaluation of the fracture toughness
demonstrated that heat treatment for a short time at temperatures higher than the recommended
PWHT had no significant effect on microstructures of BM, weld metal and HAZ. Stress relieving
at 580°C on multi-run submerged arc welded deposits containing 0.05 — 0.15% C and 0.6-1.8%
Mn was investigated by Evans [123]. He found PWHT spheroidised the pearlite and cementite
films that were present before the PWHT treatment. The overall hardness and tensile strength
reduced while toughness improved.

An alternative to PWHT process was investigated by Peddle et al [124]. They reported
elimination of PWHT in creep resistant 2.25Cr-1Mo steel by employing the temper bead and
conventional weaving multi-pass welding.

PWHT in HSLA steels was found to enhance fatigue performance of the welded joint
irrespective of the weld metal strength mismatch [118] and caused precipitation of fine carbides

in the dissimilar super-martensitic stainless steel (AlISI 410 steel) weld metal.

2.5 Summary of literature review
1. Tempered martensite embrittlement occurs after tempering of Q&T martensitic steels
such as EN24 steel at temperatures within the range of 250 to 400°C. It presents as
reduced room temperature notched bar impact energy.
2. During fusion welding of high strength heat treatable steels, avoidance of pre-heat and
PWHT may result in cold cracking of the weld joint and other metallurgical

complications.
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3. For AISI 4340 steel (EN24 steel) preheat and inter-pass temperature of 288°C is
recommended when welding with low hydrogen filler materials and 315°C for other

filler materials.

4. PWHT for EN24 steel is usually carried out at temperatures between 593°C and 677°C
for a period of time governed by the thickness of the material.

5. Researchers have established that conventional steel materials can be welded
successfully by applying specific welding procedures and consumables. In austenitic
weld deposits, Cr, Mo, Si and Nb promote formation of delta-ferrite which greatly
reduces the cracking tendency. In some steels, cracking can be avoided without preheat
provided filler materials with hydrogen less than 5ml per 100g of deposited weld are

used.

Experimental parameters have been drawn from this summary to come up with a
methodology to study effects of PWHT on the microstructure and mechanical properties of

En 24T and EN24A steel welded with low hydrogen austenitic electrodes.
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CHAPTER 3

EXPERIMENTAL METHODOLOGY"

3.1 Introduction

The aim of this study was to characterize and compare the effects of PWHT on microstructure of
HAZ in EN24A steel and EN24T steel after welding with low hydrogen austenitic electrodes.
Additionally the effect of PWHT on impact properties of HAZ and tensile properties of multi-
pass welded EN24T and EN24A steel were investigated. Experiments were carried out to collect
data for UTS, elongation, hardness and Microstructure in multi-pass welded specimens before
and after PWHT. Charpy V- Notch (CVN) Impact energies of the CGHAZ in EN24T steel and
annealed EN24 steel were compared and their response to PWHT was investigated. In addition,
single pass welding was carried out to fully understand the effect of welding and PWHT on
hardness and microstructure of EN24 steel in the two conditions. Special emphasis was laid on
effect of PWHT on the morphology of microstructures in the CGHAZ. The details of

experimental methodology are presented below:

3.2 Test materials
Low hydrogen austenitic welding electrodes (Type AWS A5.4 E312-17 and of diameter 3.25
mm) used in this study were purchased from the local market. Round stocks of EN24T steel

material of diameter 30 mm were also bought from the local market in Nairobi.

Chemical analysis of a sample cut from the EN24T material was carried out on a mass
spectrometer MAXx LMF06 located at Numerical Machining Complex Ltd (NMC) metallurgy
laboratory. This was done to verify composition against the one cited in literature and product

data sheets. Chemical analysis of the weld metal was also carried out on the mass spectrometer.
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The round EN24T steel material was milled, in preparation for subsequent operations, into
rectangular bars of 15 mm X 20 mm X 153mm on a MAHO 1000 CNC milling machine located

in NMC workshops.

The bars were then divided into 2 groups namely group ‘T* and group ‘A’. Group T materials
were welded in as bought (Tempered) condition. Group A materials were annealed and welded
in their annealed condition. Further, welded samples from both groups were subjected to post

weld heat treatment. For the sake of identification, the samples were coded as follows:

EN24T-SO  EN24Tsteel, single-pass welded and no PWHT

EN24T-S350 EN24T steel, single-pass welded and PWHT at 350°C for half hour
EN24T-S620 EN24Tsteel, single-pass welded and PWHT at 620°C for half hour
EN24T-S675 EN24T steel, single-pass welded and PWHT at 675°C for half hour
EN24T-M0O ENZ24T steel, multi-pass welded and no PWHT

EN24T-M350 EN24Tsteel, multi-pass welded and PWHT at 350°C for half hour
EN24T-M620 EN24Tsteel, multi-pass welded and PWHT at 620°C for half hour
EN24T-M675 EN24T steel, multi-pass welded and PWHT at 675°C for half hour.
EN24A-SO  EN24A steel, single-pass welded and no PWHT

EN24A-S350 ENZ24A steel, single-pass welded and PWHT at 350°C for half hour
EN24A-S620 ENZ24A steel, single-pass welded and PWHT at 620°C for half hour
EN24A-S675 ENZ24A steel, single-pass welded and PWHT at 675°C for half hour
EN24A-M0O0 ENZ24A steel, multi-pass welded and no PWHT

EN24A-M350 EN24A steel, multi-pass welded and PWHT at 350°C for half hour
EN24A-M620 EN24A steel, multi-pass welded and PWHT at 620°C for half hour

EN24A-M675 EN24A steel, multi-pass welded and PWHT at 675°C for half hour
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3.2.1 Joint design for multi-pass welding

Sets of three or four bars (20 mm X 15 mm X 153 mm) from each group were tack welded
together. The sets were then clamped on a power saw and split midway into two halves. A 45
degree beveling was carried out on one half so that when the two halves are assembled together
they form a beveled geometry as shown in Figure 3.1(a). The beveled joint was filled with weld

metal (WM) during subsequent multi-pass welding.

3.2.2 Groove for single-pass welding

One bar (20 mm X 15 mm X 153 mm) was selected from group A and another from group T. A
3mm deep groove was milled along the length of each bar using a ball nosed milling cutter as

shown in Figure 3.1(b). The groove was filled with WM during subsequent single-pass welding.

_-groove
. ‘ _tack weld *,\J‘ T
| il 10 mm J \—R3mm
. ¢ 15 mm
; o 20 mm
75 mm l / 25‘0 }__ 4._<
1.5 mm ” 75 mm

Figure 3.1: (a) Split and beveled bars for multi-pass welding (b) Grooved bar dimensions for

single bead welding
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3.3 Welding Fixture design

There was need to produce weldments of approximately same level of restraint on all multi-pass
welded samples. Therefore, a welding fixture to hold the tacked bars together was designed and
fabricated. Welding fixtures are used for holding workpiece in a given position with consistent
accuracy during execution of welding. Dimensions of the workpiece played a major role in
overall size of the fixture. The sizes of materials used to make the fixture were such that they
could withstand the heat generated during welding without being distorted or damaged. Mild
steel was the material of choice because it is relatively cheap and electrically conductive to
accommodate the welding process [125]. The area of contact between the workpiece and the
fixture was designed to be the minimum possible to discourage workpiece distortion while also
minimizing loss of heat needed for welding. The other design consideration was the weight of
the fixture. The weight was designed to be comfortable for the operator to manipulate it as
desired during welding. Figure 3.2 and 3.3 shows the top plate and bottom plate of the fixture. A

3D-rendered drawing of the complete fixture is shown in Figure 3.4.
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Figure 3.2: Top plate for welding fixture (Dimensions in mm)
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Figure 3.3: Bottom plate assembly (All dimensions in mm)
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(@) M10 bolts(X4)
Weld joint ‘/

Welded nuts (X4)

M8 Bolt (X2)

Horizontal sliding locator

Bottom plate

Figure 3.4: 3D-Rendering of welding fixture (a) bottom plate assembly and (b) The complete

fixture with top plate opened

3.4 Fabrication of welding fixture

The fixture shown in Figure 3.5 was fabricated at Kenya Industrial Research and Development
Institute (KIRDI) according to design drawings. Plates for its construction were cut from
standard mild steel stock size of 25 mm thick. The plates were machined on a milling machine.
Round features on the fixture were drilled and the center hole was bored on a four jaw chuck
lathe. Sideway stoppers were welded at predetermined locations. Standard bolts were fitted on
nuts welded on bottom plate. Clamping bolts were designed to exert horizontal pressure on the
workpiece to ensure they remained in a fixed horizontal location during welding. The top plate
was designed to apply pressure on workpiece and ensure they remained in a fixed position during
welding and also ensure minimum distortion. The central hole was made large to ensure

minimum loss of welding heat.
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Figure 3.5: (a) Bottom plate of welding fixture and (b) welded bars clamped in fixture

3.5 Annealing procedure

Annealing was carried out on Group ‘A’ steel bars using Carbolite furnace type ELF 11/6B
located in KIRDI laboratories. The furnace was switched on and temperature set to 400°C. Time
was allowed for the furnace to attain the set temperature and then group ‘A’ steel bars were
placed inside the heating chamber. The bars were allowed to soak heat at that temperature for

half an hour in order to homogenize their temperature. Temperature was then raised to 844°C.
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The temperature of the bars gradually increased and they were allowed to soak heat at 844°C for
another half hour. This was done to ensure a uniform austenite phase throughout the materials.
The furnace was then switched off and the bars were allowed to cool down in the furnace to

room temperature. The room temperature throughout this study was approximately 27°C.

3.6 Preheat and Welding
Since low hydrogen austenitic welding rods were used in this study, a pre-heat of 288°C was
chosen [74]. Preheating was carried out on Carbolite furnace type ELF 11/6B. All bars were

preheated for 30 minutes (since they are approximately half inch thick) prior to welding them.

3.6.1 Energy generated during welding
The welding current (I) on arc welding machine Model No.BX1-400F-3 was adjusted to 150

Amperes. Other welding parameters were as follows:

e Welding voltage (V) = 32V

e Welding speed (v) = 160mm per minute

e Electrode feed rate = 4.9mm per second
In manual welding, the welding speed and electrode feed rate depends on experience of the
welder [64]. Based on the welding parameters, the calculated heat input during the welding

operation was found to be 1.08 kJ/ mm (calculated from equation 2.6 in section 2.2.2).

3.6.2 Single-pass welding

A continuous single bead of weld was carried out on grooved bars. The bars were left to cool
down in air to room temperature before subjecting them to PWHT. After PWHT and on cooling
down to room temperature, samples for hardness and microstructure analysis were extracted

from the middle region shown in Figure3.6
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Figure 3.6: Single pass weld on grooved bar

3.6.3 Multi-pass welding

Tacked bars from group A and group T were successively inserted between two fixture plates
shown in Figure 3.5. A root gap of approximately 3 mm was set on the beveled joint and bolt
clamping pressure was applied to ensure that no movement of the bars occurred during welding.
The beveled joint was then filled with weld metal in five welding passes. Slag was removed and
weld metal surface thoroughly cleaned with wire brush between passes. Inter-pass temperature of
288 °C (+40°C) [74] was maintained by appropriately delaying the welding between passes. The
inter-pass weld metal temperature was monitored using infra-red thermometer model

MAJORTECH MT695.

After multi-pass welding, the bars were allowed to cool down to approximately 150°C while still
clamped on fixture. The bars were then removed from the fixture and left to cool down to room
temperature before Post weld Heat Treatment. The uniform restraint on all multi-pass welded

samples resulted in significant elimination of warping of welded bars (Figure 3.7).
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Figure 3.7: Multi-pass welded bars

3.6.4 Post Weld Heat Treatment (PWHT) parameters

Welded bars were subjected to PWHT after the last welding pass and on cooling down to room
temperature. PWHT was carried out in a Carbolite furnace type ELF 11/6B. The bars were
allowed to soak heat for half an hour at designated PWHT temperature and then removed to cool
in air to room temperature. The PWHT temperatures selected for this study were 350°C, 620°C
and 675°C. Tempering at 350°C is known to cause embrittlement of EN24 steel and this PWHT
temperature was selected solely to find its effect on welded EN24A and EN24T steel. 620°C lie
within the recommended PWHT temperature and 675°C is about the maximum recommended

PWHT temperature for EN24 steel.
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3.7 Non-Destructive Testing

The welded joints were inspected for flaws using ultrasonic test according to ASME V Standard
and X- Ray radiography according to ASME V and IX or ISO 17636-1. Ultrasonic tests were
carried out on welded coupons in the Non Destructive Testing (NDT) laboratory of the Institute
of Nuclear Science, University of Nairobi. The same coupons were again inspected with X-ray at

the NDT laboratory of Kenya Bureau of Standards.

Figure 3.8 (a) shows the ultrasonic equipment and Figure 3.8(b) shows the X ray tube used for

Non-Destructive tests on multi-pass welded EN24 steel bars.
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Figure 3.8: (a) Karl Deutsch Digital Echograph 1090 used in ultrasonic inspection and (b)

Portable X-Ray tube YXLON Y SMART300HP used in radiographic inspection

3.8 Hardness test

Samples for hardness tests were sectioned from welded bars before and after PWHT. There was
need to reveal the fusion boundary between weld metal and HAZ so that it can be used as
reference during hardness measurements. To achieve this, a surface grinder was used to grind the
surface transverse to weld direction under copious amount of coolant. Fine grinding was then
carried out using silicon carbide papers of increasing grit size (180, 320, 400, 600 and 800)

mounted on a flat surface. A rotary polishing machine and 1 micron diamond paste was then
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used to polish the specimens to mirror finish. 100ml of Nital etchant was then prepared by
adding 2 ml of nitric acid to 98ml of ethanol at ambient temperature. The samples were etched

by dipping them in a beaker of nital for 10 seconds to reveal the fusion boundary.

Hardness tests were carried out on a Vicker’s hardness tester model LECO LV800AT, shown in
Figure 3.9, located at University of Nairobi metallurgy laboratory. The Machine is fitted with a
diamond indenter. Indentation load was set to 98.07 N and loading time was set to 15 seconds.
The test specimen was placed on the stage of the testing machine and focusing (by manipulating
the Z-adjuster) was carried out to bring a sharp image of microstructure and fusion line.
Hardness tests were carried out at intervals of 0.6 mm (by manipulating X-adjuster), Figure 3.10,
on either side of the fusion line (FL) according to ASTM E92 Standard. This was continued until
there was no significant change in value of hardness. The generated data was used to plot a

hardness profile.

Eye piece |

Z-Adjuster

Figure 3.9: LECO LV800AT hardness tester
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Figure 3.10: (a) Multi-pass and (b) single-pass weldment showing the fusion line (FL).The FL

was used as reference line for hardness measurements at positions X

3.9 Tensile tests

Tensile tests were performed on an INSTRON universal hydraulic tensile testing machine,

Figure 3.11 (a) located at the Masinde Muliro University of Science and Technology.

Standard specimen for tensile strength were extracted and tested according to ISO 6892-1
standard tensile test on round metallic specimen at room temperature. Tensile tests were
performed on transversely welded tensile test specimens with heterogeneous sections that
included weld metal, HAZ and base metal. The dimensions of the standard specimen used for
tensile testing are given in Figure 3.12. Gauge length was marked on specimens before carrying
out the tensile test. Four specimens were used for each PWHT condition giving four data points
from which an average value was obtained. After breaking the tensile test specimens, the two
pieces were reassembled and the new gauge length obtained. The % elongation (or ductility) was

calculated.
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Figure 3.11: (a) INSTRON universal hydraulic tensile testing machine and (b) Charpy V-Notch

impact tester

ultipass weld joint

R2.0—/

Dia 12mm Dia 8mm

|~=t—————Gauge Length 50mm——————=-

lea—— Critical Length 56mm————————— =

i

Overall Length 120mm

¥

Figure 3.12: Standard transverse weld tensile test specimen
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3.10 Impact tests

Impact test specimens were extracted from welded samples and machined by shaping and
surface grinding to square sections of 10 mm X 10 mm X 80 mm with the weld joint located
approximately midway along the length. Nital was applied on the specimens near the weld joint

in order to reveal the fusion boundary. V-notches were located in the hardest region of the HAZ

as shown in Figure 3.13.

Figure 3.13: Notch location in the hardest region of HAZ

With the notch as reference, the samples were then sized to 10mm X 10mm X 55mm in
accordance to ASTM E-23 or I1SO 148-1. Room temperature Impact testing was performed on
notched specimens using a conventional Torsee’s Charpy impact testing machine, Figure 3.11
(b), located at Jomo Kenyatta University of agriculture and Technology. The technical

parameters of the impact tester were as follows: hammer weight 25.71kg, length of hammer arm

0.75m and hammer lift angle 142.5°. Four impact specimens were used for each PWHT

condition giving four data points from which an average value was obtained.

3.11 Microstructure Characterization

Microscopy specimens were extracted from welded bars before and after PWHT. The surfaces
were ground and then polished. Fine grinding was carried out progressively using finer abrasives

of silicon carbide papers from 180 grit, 320, 400, 600, 800 then polishing was carried out with
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diamond paste at 6 micron and finally 1 micron. The surfaces were cleaned then etched with
Nital (2ml of nitric acid in 98ml of absolute alcohol) for the HAZ and BM microstructure
according to ASTM E407-07. Villella’s reagent consisting of 95 ml of ethyl alcohol, 5 ml of
hydrochloric acid, and 1 g of picric acid was used for the austenitic weld metal. Microstructure
analysis through optical microscopy was carried out on etched specimens. The Olympus
BX41M-LED optical microscope, Figure 3.14, located in Jomo Kenyatta University of
Agriculture and Technology metallurgical laboratory was used to obtain digital images of the
micrographs. Besides the scale bar, the digital image display for this microscope is equipped

with X and Y scales graduated in micrometers. Distances from fusion line to any feature on the

image can be measured accurately on the image display.

Figure 3.14: Olympus BX41M-LED Optical Metallurgical laboratory microscope
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CHAPTER FOUR

RESULTS
4.1 Introduction

The peak temperature and cooling rate at different locations of HAZ produced differing
microstructure across the weldment. Generally, PWHT tended to temper the hardness of
microstructure leading to improvement in impact properties. Detailed results for this study are
presented in sections 4.2 to 4.7.

4.2 Chemical composition and properties of test materials.

A sample of EN24T steel and a multi-pass welded joint were tested at four locations to determine
the chemical compositions. The average results (table 4.1) show that Carbon and Molybdenum
content of the weld metal is significantly lower than that of EN24Tsteel. The composition of
Nickel, Chromium and Vanadium is significantly higher in the weld metal than in EN24T Steel.
Additionally, small amount of Copper and traces of Antimony are found in EN24T steel and

weld metal.

Table 4.1: Chemical composition of EN24 steel and weld metal AWS A5.4 E312-17

Chemical composition (wt. %)

Material C Ni | Cr V [Mo| Si [Mn| S P Cu Sb | Fe

EN24 Steel 0.43 | 1.52 | 0.95 | 0.006 | 0.23 | 0.18 | 0.53 | 0.005 | 0.008 | 0.068 | <0.002 | Bal.

A5.4 E312-17 | 0.143 | 8.57 | 25.47 | 0.059 | 0.040 | 0.603 | 0.88 | 0.005 | 0.004 | 0.040 | <0.002 | Bal.
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The results of mechanical properties of EN24T, EN24A steel and the weld metal are shown in
Table 4.2. Three specimens were tested for each property and the average values and standard
Deviations were calculated. The results show that annealing of EN24T steel leads to a
considerable increase in toughness (168%). The hardness of weld metal is approximately equal
to the hardness of EN24A steel. The UTS and elongation of AWS A5.9ER312 welding material
was not measured but it is cited by manufacturers as 752 MPa and 25% respectively and impact
energy for austenitic weld metal cited as a minimum of 30J [8, 63].The measured value of impact

energy of weld metal (76.6 J) indicate that it is tougher than EN24T steel.

Table 4.2: Properties of EN24 steel and austenitic weld metal AWS A5.4 E312-17

Test Material Property Testl | Test2 | Test3 | Average | Standard
Deviation
En24T Steel UTS (Mpa) 979.0 |1057.0 |1010.0 |1015.3 |32.1
% Elongation 14.0 13.0 13.0 13.3 0.5
CVN Impact 40.7 38.4 40.7 39.9 1.1
Energy (J)
Hardness 329.6 | 3284 |326.2 328.0 1.4
(HV10)
En24A Steel UTS (Mpa) 1095.0 | 880.0 | 1051.0 |1008.7 |92.7
% Elongation 14.0 15.0 15.0 14.7 0.5
CVN Impact 110.1 | 1129 |1101 111.0 1.3
Energy (J)
Hardness 233.1 | 233.0 |233.0 233.0 0.1
(HV10)
AWS A5.4 E312- CVN Impact 73.9 82.1 73.9 76.6 3.9
17(Weld Metal) Energy (J)
Hardness 235.0 |235.7 |237.1 235.9 0.9
(HV10)

4.3 Welding and NDT test

Welded bars of EN24T and EN24A steel were subjected to two radiographic tests and one
Ultrasonic test. The first X-Ray and Ultrasonic tests on welded bars showed lack of root fusion a

distance of between 1 and 2 mm from the bottom surface. These defects were removed during
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subsequent machining that was carried out to extract test specimens. A second confirmatory X-
ray radiograph (Figure 4.1a and 4.1 b) on extracted specimen, before machining to final size,
showed acceptance level of more than 90% on all weld joints [see appendix A]. Slight warping
was observed on unconstrained welded bars (Figure 4.1c). Warping was caused by weld metal
shrinkage during solidification. Warping tendency was significantly reduced by constraining bars

in a welding fixture before welding (Figure 3.7 in section 3.6.3).

(a) ?
. I | Welded

it

(c)

Welded
zone

Figure 4.1 Radiographs of some multi-pass weld joints of (a) tensile test bars, (b) Impact energy
test bars and (c) A macrograph for unconstrained welded joint
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4.4 Microstructures

Base metal microstructure of EN24T steel before welding was found to consist of tempered
martensite while EN24A steel consisted of pearlite colonies in a matrix of ferrite (Figure 4.2).
Effect of PWHT on the CGHAZ in welded EN24T and EN24A steels are presented in Figures
4.3-4.6. In single pass welded EN24T steel, martensite with small patches of bainite before
PWHT transformed to bainite and tempered martensite after PWHT at 350°C. Finally a mixture
of ferrite and carbides was observed after PWHT at 620 and 675°C (Figure 4.3). In single pass
welded EN24A steel (Figure 4.4), the micrographs consisted of martensite before PWHT,
tempered martensite/allotriomorphic ferrite after PWHT at 350°C and ferrite/pockets of carbide
precipitates in ferrite after PWHT at 620 and 675°C. Multi-pass welded EN24T (Figure 4.5)
consisted of bainite before PWHT, mixture of bainite/ferrite/fine carbides after PWHT at 350
and 620°C. Lastly a mixture of ferrite and globular cementite is observed after PWHT at 675°C.
Multi-pass welded EN24A (Figure 4.6) consisted of fine bainite before PWHT, course
granulated bainite/retained austenite after PWHT at 350°C and a mixture of ferrite/fine carbide
precipitates after PWHT at 620 and 675°C. PWHT was found to have effects on the base metal
microstructure in EN24T steel. The BM microstructure transformed from tempered martensite to
a mixture globular cementite/ferrite/tempered martensite after PWHT at 675°C (Figure 4.7). No
effect was observed on the BM microstructure in EN24A steel (Figure 4.8). The weld metal
(WM) structure comprising chiefly of skeletal delta ferrite in a plain austenite matrix was
unaffected by PWHT (Figure 4.9). A fusion boundary of thickness between 20 and 40 microns

was found to be separating the weld metal from the heat affected zone.
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Figure 4.3: Micrographs for CGHAZ in single pass welded EN24T steel (a) before PWHT (b)

PWHT at 350°C, (c) PWHT at 620°C, and (d) PWHT at 675°C.
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Figure 4.4: Micrographs for CGHAZ in single-pass welded EN24A steel (a) before PWHT (b)

PWHT at 350°C, (c) PWHT at 620°C, and (d) PWHT at 675°C.
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Figure 4.5: Micrographs for CGHAZ in multi-pass welded EN24T steel (a) before PWHT (b)

PWHT at 350°C, (c) PWHT at 620°C, and (d) PWHT at 675°C
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Figure 4.6: Micrographs for CGHAZ in multi-pass welded EN24A steel (a) before PWHT (b)

PWHT at 350°C, (¢) PWHT at 620°C, and (d) PWHT at 675°C.
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Figure 4.7: Base metal microstructure of multi-pass welded EN24T steel (a) before PWHT (b)

PWHT at 350°C, (c) PWHT at 620°C, and (d) PWHT at 675°C
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Figure 4.8: Base metal microstructure of multi-pass welded EN24A steel (a) before PWHT (b)

PWHT at 350°C, (¢) PWHT at 620°C, and (d) PWHT at 675°C.
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Figure 4.9: Weld metal microstructure (a) Partially melted zone (PMZ) with weld metal (WM)
and HAZ on either side, (b) weld metal showing strands of EN24 steel in the weld metal matrix -
close to mixed zone /WM interface, (c) body of weld metal before PWHT and (d) weld metal after

PWHT at 675°C

4.5 Hardness Survey

Hardness values at various locations and PWHT are presented in Figure 4.10 to Figure 4.14. The
hardest region in HAZ of EN24T and EN24A steel was found to be located at 0.6 mm from the
fusion line. This region presented the lowest impact toughness and was therefore the most brittle.
Generally, PWHT improved toughness values for this region. However, results depict an unusual
hardness profile for multi-pass welded EN24A steel when it is subjected to PWHT at 350°C
(Figure 4.11b). Negligible difference in hardness in CGHAZ of EN24T-M was observed at
PWHT temperatures 620°C and 675°C (Figure 4.12). Base metal hardness of EN24A steel is not

affected in any significant way by PWHT, however, the hardness of EN24T steel reduces with
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increase in PWHT temperature (Figure 4.13). After PWHT at 675°C , the hardness of EN24T

steel is higher than that of EN24A steel. Weld metal hardness survey reveal that PWHT has no

effect on weld metal hardness (Figure 4.14).
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Figure 4.10: Effects of PWHT on the hardness profiles of single-pass welded (a) EN24T and (b)

EN24A steel
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(a) En24T-M
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Figure 4.11: Effects of PWHT on the hardness profiles of multi-pass welded (a) EN24T and (b)

EN24A steel
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Figure 4.12: Effect of PWHT on hardness of CGHAZ
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Figure 4.13: Effect of PWHT on hardness of base metal
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Figure 4.14: Effect of PWHT on hardness of weld metal

4.6 Impact energy tests

The notch on the impact specimen was located at the hardest region approximately 0.6mm from
the fusion line of the welded joint (section 3.10). The results of impact test on the hardest region
in welded EN24T and EN24A are shown in Figure 4.15. Four specimens were tested for each

PWHT temperature and results compared.
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Figure 4.15: Results of impact test in CGHAZ (0.6mm from FL)
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4.7 Tensile test

The results of transverse tensile test on multi-pass welded EN24T and EN24A steel are shown in
Figures 4.16 and 4.17. Four specimens were tested for each PWHT temperature. Failure in all
welded specimens was observed to occur on or near the fusion boundaries. The failure was

sudden and with little or no necking-implying brittleness in the material at that location.
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Figure 4.16: Effect of PWHT on tensile strength of welded EN24T and EN24A steel
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Figure 4.17: Effect of PWHT on elongation of welded EN24T and EN24A steel
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CHAPTER FIVE

DISCUSSION

5.1Introduction

PWHT has been observed to cause some differences in microstructure and properties of EN24A
and EN24T steel welded with austenitic filler materials. The detailed discussion is presented in

sections 5.2 to 5.6.

5.2 Composition and properties of test materials.

The results of chemical composition (Table 4.1) show that amounts of major alloying elements
in EN24T steel fall within the composition range cited by other researchers [9, 16, 18, 75].
However, the weight percentage of copper in the base metal was noted to be 0.0681%. Copper is
normally added to steel in order to increase corrosion resistance and it is therefore likely to
reduce corrosion in the HAZ of welded EN24 steel. Traces of antimony amounted to less than
0.002% (or equivalent to 20 ppm) in EN24T steel and in weld metal. The weight percentage of
vanadium was found to be significantly lower at 0.0062% compared to 0.09% declared in EN24
steel product datasheet [9]. Alloy elements in this steel are responsible for low MS temperature
[22]. Without them, the MS temperature for steel of equivalent carbon content would be slightly
higher. Their presence is responsible for desirable characteristic of high hardness in tempered
EN24 steel. All the alloying elements, and to lesser extent, nickel, confer this characteristic.
Vanadium is a much stronger carbide former than chromium and molybdenum. It has a great
influence on the hardness of tempered martensite [21]. It is known to improve hardenability even
when added in low amounts. Effect of vanadium is considered to be due to the formation of an

alloy carbide (V4Csor VVC), which replaces FesC at high tempering temperatures and persists as a
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fine dispersion up to the Al temperature. However, the effect of vanadium in this steel is
lessened due to its very low content. The hardness of tempered martensite in EN24T steel base
metal (Figure 4.13) has been observed to reduce from 307 HV before PWHT to 262 HV after
PWHT at 675°C. This insignificant reduction in hardness is attributable to retardation to
softening conferred by the rest of the alloy elements despite the fact that their influence is not as

strong as that of vanadium.

The major contributor of high ‘as quenched’ hardness in this steel is carbon (0.43%). Carbon
increases strength significantly; however, high carbon content and high CE lowers weldability
and for this reason EN24 steel is often preheated prior to welding to avoid fast quenching in the
HAZ of thick plates [75]. Molybdenum is often added to EN24 steel in order to retard temper
embrittlement. Molybdenum levels of 0.23% found in this steel are sufficient to retard
embrittlement provided low levels of impurities - sulphur and phosphorus are maintained. From
the results of chemical analysis, phosphorous and sulphur content is very low and can be
described as trace amounts that exist in steel that are either difficult or expensive to remove
completely. The low carbon content (0.143%) in the weld metal has profound effect on its ability
to harden during heat treatment; even with high chromium and nickel content the hardenability
of the weld metal is compromised. In fact high levels of chromium and nickel in the weld metal
yield an austenite/ ferrite microstructure that is resistant to quench hardening. As in the base
metal, the levels of sulphur and phosphorous in the weld metal are very low. Even if diffusion
occurred across the fusion boundary, with such low level of impurities in both the base metal and
the weld metal and also with Molybdenum level of 0.23 % in the base metal, the chances of
temper embrittlement in EN24 steel would be low. However, Lim et al [51] reports that traces of

impurity elements including sulphur, phosphorous and antimony of the order of a few parts per
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million is postulated to cause temper embrittlement in EN24 steel. Therefore, from the results of
chemical analysis it can be concluded that a possibility of temper embrittlement exists in EN24

steel when it is subjected to tempering at between 300 and 400°C.

The results of mechanical properties of tested materials (Table 4.2) indicate that the average
physical properties of EN24T steel to be UTS 1015 MPa, hardness 328 HV10, elongation 13.3%
and CVN impact energy 39.9J. These values are within the range of those cited in literature [9,

14, 16, 17].

5.3 Microstructures

The microstructure of EN24T steel consists of tempered martensite. Annealing process
austenitizes the grains and when they cool down slowly to room temperature at cooling rates of
the order of 0.02 - 0.006 °C /s [23], the microstructure transforms from tempered martensite to
colonies of lamellar pearlite in a ferrite matrix. A similar microstructure was reported by Rajesh
et al [16]. Therefore, the basic difference between EN24T and EN24A steel is in their
microstructures. This is the initial microstructure prior to welding. The changes in the
microstructure of the hardest region of the HAZ, base metal and weld metal and their response to
PWHT are discussed in sections in 5.3.1 to 5.3.3. The microstructures of base and weld metal are

included because they also relate to the tensile properties of welded EN24T and EN24A steels.

5.3.1 Effect of PWHT on the Microstructure of the hardest region

Optical microscopy on the hardest region of single-pass welded materials (Figure 4.3 and Figure
4.4) depicts a martensitic microstructure in both EN24T and EN24A steel before PWHT. The
microstructure of this region is determined by the peak temperature attained during the welding

cycle. Peak temperatures at various locations of weldment have been studied by researchers [12,
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45] and the highest value in the HAZ is found in the immediate vicinity of the fusion line. The
high peak temperature in this region activates grain growth leading to a coarse grained zone
CGHAZ [86]. This region has typically the highest cooling rate than the rest of the regions in the
HAZ. As can be observed in Figure 5.1, the cooling rate from 800 to 500°C at the fusion line is
lower than the cooling rate at a distance of 0.5 mm from the fusion line. From the CCT diagram
for EN24 steel (section 2.1.2), the critical cooling rate for formation of martensite is 8.3°C per
second. This means that a cooling rate higher than this is likely to result in a microstructure

comprising of martensite or a mixture of martensite and bainite [23].
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Figure 5.1: Typical HAZ thermal cycles for 5kJ/ mm heat input on multi-pass welded 40 mm

thick steel plate [12]

In single pass welded EN24T steel (Figure 4.3), the microstructure of the hardest region depicts a
transformation from martensite when no PWHT is applied to tempered martensite and bainite
after PWHT at 350°C. Bainite forms on specific crystallographic planes of austenite and has

characteristic straight edges separating it with martensite [35]. In comparison, the microstructure
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for EN24A steel (Figure 4.4) depicts martensite when no PWHT is applied and tempered
martensite after PWHT at 350°C. PWHT at 620°C and 675 °C results in increasing levels of fine
carbide precipitates in ferrite. These micrographs clearly shows the differences in CGHAZ
microstructure brought about by the differences in the base metal microstructure prior to welding
and how they evolve with PWHT. This is particularly important during welding of thin EN24

steel sheets where only single pass welding will suffice.

In multi-pass welding, as shown in Figures 4.5 and 4.6, the microstructure of the CGHAZ before
any PWHT is bainitic in both EN24T and EN24A steels. This change of microstructure occurs
because during multi-pass welding reheat zones are created [56] and this recrystallizes the
hardest region. The original bainite in the CGHAZ of multi-pass welded EN24T steel appears
tempered by the subsequent PWHT at 350°C, and that for EN24A steel appears enhanced. It is
suspected TME in the CGHAZ of multi-pass welded EN24A may be responsible for the
observed microstructural changes. TME can be characterized using electron diffraction with
transmission electron microscope (TEM) or with X-ray diffraction [34]. This is supported by the
hardness differences for EN24T-M350 which is 301 HV10 compared to 453 HV10 for EN24A-
M350. PWHT at higher temperature produces cementite particles in ferrite for both multi-pass
welded EN24A and EN24T steels. Similar microstructure has been reported by Grange et al [21]

and this is postulated to be caused by diffusion of carbon due to high temperature.

5.3.2 Effect of PWHT on the Microstructure of base metal

The tempered martensite microstructure of EN24T steel is unaffected by PWHT at 350°C and
620°C (figure 4.7 b and c). However, a bushy microstructure comprising globular cementite,

ferrite and tempered martensite is observed when PWHT temperature is raised to 675°C (Figure
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4.7 d). The high tempering temperature is considered to be the driving force that causes diffusion
of carbon from martensite [32] during post weld heat treatment. Prabhavalkar et al [45] found
that tempering the steel at 580-650°C transformed the tempered martensite into lower bainite
with numerous carbide precipitates. The microstructure of base metal in EN24A steel does not
change with PWHT since the temperatures involved are below the austenitization range. It is
therefore concluded that Hardness of as bought EN24T steel reduced with increase in PWHT
temperature but that of EN24A steel was not affected by PWHT due to changes in its

microstructure.

5.3.3 Microstructure of weld metal

The microstructure of the weld metal, Figure 4.9(c) and (d), is composed of large skeletal delta
ferrite network in plain matrix of austenite grains. Suspected strands of melted but unmixed base
metal were found to be washed into the weld pool. A similar observation was reported by Savage
et al [89]. Alloying and impurity elements appear to segregate into inter- dendritic spaces. The
low carbon content of the austenitic filler material and high chromium and nickel in the weld
metal increases the ferrite and austenite phases significantly [8].The low carbon content is
designed to overcome any possibility of carbide precipitation [8]. This explains why the

microstructure of austenitic weld metal is unaffected by post weld heat treatment.

5.4 Hardness Survey

Hardness varies across the weldment due to differences in the peak temperature experienced at
its different locations during the welding cycle. The hardest region is observed to be located in
the HAZ at approximately 0.6mm from the fusion line. Peak hardness of between 450 and 470

HV10 are obtained after single pass welding in both EN24A and EN24T steels and also in multi-
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pass welded EN24A steel after PWHT at 350°C. The peak hardness in EN24A-M350 is displaced
towards the FGHAZ. A similar trend was reported by Pang et al [116] when they investigated
hardness gradients in HAZ of welded Q & T steels. The peak HAZ hardness was found to be
displaced from the CGHAZ to the FGHAZ. The origin of this phenomenon is considered to be
an austenite grain size hardening effect, together with a bainitic hardenability that is high enough
to cause the formation of bainitic ferrite over the range of cooling rates and austenite grain sizes

inherent in arc welding process.

5.4.1 Effect of PWHT on hardness of CGHAZ

PWHT achieves a tempering effect on the microstructure of the weldment. The trends in the peak
hardness of CGHAZ (Figure 4.12) depict a reduction in hardness as the PWHT temperature is
increased. The microstructure change from martensite to bainite and to carbide precipitates in
ferrite is accompanied by a reduction in hardness. This effect is similar to tempering a quench
hardened EN24 steel at increasing tempering temperatures [6, 13, 45]. The hardness of EN24A-
M350 is anomalous as it differs significantly from the rest. The reason for this could be due to
suspected tempered martensite embrittlement. The optical microstructure (Figure 4.6) reveals a
coarse bainitic structure and retained austenite different from the rest but cannot be used to
ascertain whether it is the cause of embrittlement. This phenomenon can be investigated through
a detailed Transmission Electron Microscopy or Scanning Electron Microscopy. Lim et al [51]
has reported high phosphorous content segregated at pre-austenite grain boundaries to cause
embrittlement in AISI4340 Steel tempered at 400°C. Other researchers [30, 49] attribute it to
intra lath cementite and decomposition of retained austenite which occur during tempering at

400°C.
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5.4.2 Effect of PWHT on weld metal hardness

Just like its microstructure, the hardness of the weld metal remains the same at all PWHT
temperatures in this study. This is attributed to the highly Austenitic/ Ferritic structure of the
weld pool brought about by very high Cr and Ni and relatively low carbon content (0.143%) of
the weld metal [8]. The carbon content of the weld metal is in the range of mild steels [1].The

weld metal hardness is unaffected by PWHT due to the existence of this microstructure [8].

5.4.3 Effect of PWHT on Base Metal hardness

EN24T steel base metal hardness reduces with increase in PWHT temperature. However, the
hardness of EN24A steel remained unchanged as depicted in Figure 4.13. This is attributed to the
base metal microstructure prior to PWHT. The hardness of EN24T steel reduces because PWHT
tends to temper the material further. The hardness of EN24A steel is unchanged since PWHT,

usually carried out below the eutectoid temperature, has no effect on an annealed microstructure.

5.5 Impact tests

Compared to un-welded EN24T and EN24A steel (Table 4.2 and Figure 4.15), the welding
process lowered the CVN impact energy of the CGHAZ by 19.3% and 62.3% respectively in
specimens which were not subjected to PWHT. This was as a result of formation of hard and
brittle microstructures in the region. There was almost a linear increase in impact energy of
CGHAZ in multi-pass welded EN24T steel as the PWHT temperature was increased. This is
attributed to the tempering effect of PWHT on the microstructure. It is observed CGHAZ in
EN24A steel is most brittle after PWHT at 350°C. Apart from a dipping of toughness in the
CGHAZ of EN24A steel at 350°C, higher PWHT temperature caused an increase in CGHAZ

toughness that was more pronounced in EN24A steel and gradual in EN24T. No dipping of
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toughness was observed in EN24T steel at 350°C. A similar dipping in toughness is observed
when quench hardened EN24 steel is tempered at between 350°C and 400°C [13].This
phenomenon can be attributed to presence of retained austenite [49, 50] and residual impurities
at the grain boundaries as a result of segregation during austenization [52]. Therefore, it is
suspected that TME resulting from austenization of EN24T steel and subsequent microstructural
changes during annealing brought about the two different responses to PWHT at 350°C. At the
highest PWHT temperature of 675°C the tempered microstructure of EN24A steel (Figure 4.6) is
tougher than that of EN24T steel (Figure 4.5) by 22%. The trend of toughness increase with

PWHT depicts better results in annealed EN24 steel provided PWHT at 350°C is avoided.

5.6 Tensile test

Preliminary mechanical tests were carried out on EN24T, EN24A steel and weld metal and the
results are recorded in Table 4.2. Results of tensile tests on welded and post heat treated EN24T
and EN24A steels are presented in Figure 4.16. Considerable necking was observed on EN24T
and EN24A steel specimens during tensile test and both failed in a ductile manner. However, all
welded specimens were observed to fail suddenly, with little necking, at regions close to the
fusion boundaries. The results show that PWHT had no significant effect on the UTS of welded
EN24T and EN24A steels. Olabi et al [119] reported a similar observation when they
investigated the effect of PWHT on UTS and toughness of structural steels. EN24T-MO0, EN24T-
M350, EN24T-M620, EN24T-M675, EN24A-M620 and EN24A-M675 specimens recorded
UTS in the range 741 MPa to 762 MPa. These values are close to the UTS of the austenitic weld
metal declared by the filler rod manufacturer as 752 MPa [8, 63] which is low compared to that
of EN24A and EN24T steel (Table 4.2). Therefore, it can be deduced that the weaker weld metal

significantly influenced the unchanging results of tensile test. This is further supported by the
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fact that the weld metal microstructure (Figure 4.9) and hardness of weld metal (Figure 4.14)
show no change with PWHT. Additionally, the UTS of weld metal can be correlated with
hardness [109]. Therefore, it is not expected to change with PWHT.

Generally, the microstructure and hardness of weld metal and base metal in EN24A steel are not
affected by PWHT and the same is expected of their strength [109]. However, ductility changes
in EN24T steel base material occur if PWHT is carried out at temperatures higher than the last
tempering temperature [13] encountered during its production. This is supported by the
microstructure changes in EN24T steel during PWHT at 675°C (Figure 4.7). The optical
micrographs show that the tempering temperature of EN24T steel may have been lower than
675°C since no change of microstructure occurred at lower PWHT temperatures. EN24A steel
cannot experience ductility changes with PWHT since its initial microstructure is a mixture of
perlite and ferrite and this microstructure was not altered by PWHT (Figure 4.8). Therefore, it
can be inferred that the changes in ductility with PWHT of welded EN24T and EN24A steel can
be largely but not solely attributed to the tempering effect in the HAZ. This is because major
changes in HAZ hardness and HAZ microstructure occurs with PWHT and only minimal
changes occur in the base material and weld materials.

Results for elongation of the welded materials (Figure 4.17) show the ductility of EN24A-M620
to be 8.9% while that of EN24T-M620 specimens was 7.9%.This represents an increase of
13.8%. Highest ductility, 13.75%, was observed on EN24A-675. Lowest ductility, 4.7%, was

observed on EN24T-MO. Its ductility more than doubled after a PWHT at 675°C.
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CHAPTER SIX

CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

1. It was concluded that the hardest location in as welded specimens was in the HAZ at
approximately 0.6 mm from the fusion line. Multi-pass welding was found to temper the
previous HAZ and tended to increase the band of the hardest region from CGHAZ to the Fine
Grained HAZ. PWHT at 620°C and 675°C was found to temper all specimens to hardness below
300HV and a minimum difference in hardness levels between base metal and HAZ was found

during PWHT at 675°C.

2. The CGHAZ of single-pass welded specimens of EN24A and EN24T steel presented a
martensitic structure before PWHT. The CGHAZ microstructure of all specimens that were
subjected to PWHT at 620°C and 675°C mainly comprised of carbide precipitates in ferrite.

Multi-pass welded specimens exhibited bainitic microstructure in the CGHAZ before PWHT.

3. Suspected embrittlement in the CGHAZ may be responsible for high hardness and low impact
energy on multi-pass welded EN24A steel subjected to PWHT at 350°C. The same was not
suspected in the CGHAZ of multi-pass welded EN24T steel specimens under same PWHT
condition. At PWHT temperature of 675°C the room temperature - impact energy of CGHAZ in

EN24A steel was higher than that of EN24T steel by 22%

4. All Tensile test specimens failed with a brittle fracture near the fusion line. Generally, PWHT
had negligible effect on the UTS of all specimens but elongation was found to increase with

PWHT temperature partially due to tempering effect on the CGHAZ.
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6.2 RECOMMENDATIONS FOR FUTURE WORK

Work on SEM of the HAZ is recommended to be carried out after PWHT at 350°C to find
out if tendencies for impurities to segregate at the grain boundaries in EN24A are
different from those of EN24T steel.

Fractography of the fracture surface after impact test is recommended in order to
conclusively determine the mechanism of failure in EN24A and EN24T steel after PWHT
at 350°C. Fractography will determine whether failure is caused by TME or hydrogen
cracking.

The CGHAZ of EN24A and EN24T steel should be generated through simulation work
on the Gleeble simulator by simulating the peak temperature and CGHAZ cooling rate.
With the whole specimen having a uniform CGHAZ microstructure it will be easier to
compare effects of PWHT on its microstructure and mechanical properties.

It is recommended that further work be carried out on effect of PWHT on fatigue strength
of EN24A and EN24T steels welded with austenitic electrodes because this is an

important mechanical property especially for shaft power transmission.
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APPENDICES
Appendix A (Results of X-Ray Test)

X-RAY REPORT-WELDED COUPONS
KENYA INDUSTRIAL RESEARCH & DEVELOPMENT INSTITUTE
(KIRDI)  ATTAN ' Enq. K- Mutouee
TESTED ACCORDING TO ASME SEC IX & ASME V ON
NON-DESTRUCTIVE TESTING.

BS201635528- SQUARE WELDED COUPONS

S/No. | COUPON | TEST EVALUATION REPORT | COMMENTS(REMARKS)
. |NO. SECTION
R Weld Slight Slag Inclusion Acceptable
2 Weld Slight Slag Inclusion Acceptable
2
3 3 Weld Lack of Fusion-8mm Not Acceptable
long
4 4 Weld Very Slight Slag Acceptable
Inclusion
5 5 Weld Homogeneous Weld | Acceptable -
6 6 Weld Slag Inclusion-2mm Acceptable
Dia. B
7 7 Weld Lack of Fusion Not Acceptable
8 8 Weld Slight Slag Inclusion Acceptable
9 9 Weld Homogeneous Weld Acceptable
10 10 Weld Very Slight Slag Acceptable
Inclusion
11 11 Weld Homogeneous Weld | Acceptable
12 12 Weld Homogeneous Weld | Acceptable
13 13 Weld Homogeneous Weld Acceptable
14 14 Weld Homogeneous Weld Acceptable
15 |15 Weld Very Slight Slag Acceptable
1 Inclusion A0S
" ¢ ST‘i\\U
RERC 509
RENY P P o.:;\;qg\
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16 [16 Weld Homogeneous Weld | Acceptable
17 17 Weld Homogeneous Weld Acceptable
18 18 Weld Homogeneous Weld | Acceptable
19 19 Weld Homogeneous Weld | Acceptable
20 20 Weld Homogeneous Weld | Acceptable
21 21 Weld Homogeneous Weld | Acceptable
22 22 Weld Very Slight Slag Acceptable

Inclusion
23 23 Weld Homogeneous Weld | Acceptable __ |
24 24 Weld Slight Slag Inclusion- | Acceptable
— L B 2mm Dia.
25 25 Weld Slag Inclusion-3mm Acceptable
Dia.
26 26 Weld Slag Inclusion-2mm Acceptable
Dia.

EVALUATED BY: NATHAN M. WAKALO & DEDAN KARIUKI DATE: 01-12-2016
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DUMBELLS-BS201635531

S/No. | COUPON | TEST EVALUATION COMMENTS/REMARKS
_____ I'No. SECTION | REPORT

1 1 Weld Homogeneous Weld | Acceptable

2 2 Weld Homogeneous Weld | Acceptable

3 3 Weld Homogeneous Weld | Acceptable

4 |4 Weld Homogeneous Weld | Acceptable

5 5 Weld Homogeneous Weld | Acceptable

6 6 Weld | Homogeneous Weld | Acceptable

7 7 Weld Homogeneous Weld | Acceptable
8 8 Weld Homogeneous Weld | Acceptable

S 9 Weld Homogeneous Weld | Acceptable

10 10 Weld Slight Slag Inclusion | Acceptable

11 11 Weld Slight Slag Inclusion | Acceptable

12 12 Weld Homogeneous weld | Acceptable

13 13 Weld Homogeneous weld | Acceptable

14 14 Weld Homogeneous weld | Acceptable
15 15 Weld Homogeneous weld | Acceptable

16 16 Weld Homogeneous weld | Acceptable

17 17 Weld Lack of Fusion Not Acceptable
18 18 Weld Homogeneous Weld | Acceptable

19 19 Weld ‘Homogeneous Weld | Acceptable

20 20 Weld Slight Slag Inclusion | Acceptable

21 21 Weld Homogeneous Weld | Acceptable

22 22 Weld Lack of fusion Not Acceptable
23 23 Weld Homogeneous Weld | Acceptable

24 24 Weld Homogeneous weld | Acceptable

25 25 Weld Homogeneous Weld | Acceptable
26 26 Weld Slag Inclusion &Llack | Not Acceptable
[ S 171 of Fusion IO
EVALUATED BY: NATHAN M. WAKALO N KARIUKI  DATE: 01-12-201

M 4"2/ “/ 2t e\ .
SIGN: oﬁgﬁsﬁ e
et ‘,,o-::\‘;o"




Appendix B (Data for Hardness Profiles)

Distance - - FL 06 |13 (19 (25 |31 |38 |44 |50 |56 |6.2 [6.6 [9.4
from FL 0.6 |03

(mm)

En24A-MO | 236 | 235 | 336 | 359 | 319 | 259 | 237 | 233 | 236 | 230 | 228 | 227 | 227 | 223 | 224
En24A- 236 | 237 | 395 | 453 | 464 | 429 | 342 | 289 | 271 | 237 | 235 | 237 | 237 | 237 | 238
M350

En24A- 237 | 237 | 285 | 296 | 291 | 281 | 282 | 274 | 255 | 244 | 244 | 242 | 242 | 242 | 242
M620

En24A- 236 | 237 | 268 | 271 | 265 | 264 | 262 | 257 | 248 | 232 | 232 | 231 | 231 | 229 | 228
M675

En24A-SO 236 | 235 | 308 | 462 | 397 | 291 | 235 | 227 | 228 | 218 | 230 | 229 | 229 | 220 | 225
En24A- 237 | 235 | 284 | 378 | 341 | 303 | 267 | 241 | 235 | 227 | 227 | 227 | 227 | 227 | 226
S350

En24A- 237 | 235 | 272 | 285 | 268 | 248 | 225 | 230 | 226 | 226 | 224 | 223 | 223 | 226 | 226
$620

En24A- 237 | 235 | 268 | 289 | 248 | 234 | 221 | 222 | 225 | 218 | 218 | 227 | 227 | 216 | 220
S675

En24T-MO | 230 | 235 | 285 | 338 | 322 | 296 | 279 | 275 | 285 | 287 | 295 | 303 | 303 | 306 | 307
En24T- 236 | 237 | 312 | 301 | 311|294 | 294 | 290 | 285 | 283 | 293 | 294 | 294 | 293 | 294
M350

En24T- 236 | 237 | 246 | 262 | 274 | 283 | 279 | 264 | 260 | 254 | 266 | 277 | 277 | 280 | 280
M620

En24T- 236 | 238 | 270 | 267 | 270 | 265 | 273 | 265 | 254 | 257 | 254 | 254 | 254 | 259 | 262
M675

En24T-SO 237 | 235 | 343 | 453 | 379 | 335|291 | 281 | 285 | 296 | 297 | 295 | 295 | 308 | 310
En24T- 236 | 235 | 295 | 302 | 326 | 323 | 311 | 296 | 270 | 269 | 272 | 279 | 279 | 281 | 276
S350

En24T- 237 | 235 | 231 | 264 | 254 | 235 | 243 | 259 | 265 | 260 | 265 | 262 | 262 | 269 | 266
$620

En24T- 237 | 240 | 237 | 242 | 235 | 233 | 225 | 240 | 251 | 242 | 242 | 243 | 243 | 245 | 244
S675
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Appendix C (Results of Impact Tests)

CVN Impact energy (J)
Material -PWHT Testl |Test2 |Test3 |Testd |Av. | Std.Dev
En24A-MO 36.0 53.1 36.0 40.7 414 | 8.1
En24A-M350 26.9 314 314 38.4 32.0 |47
En24A-M620 38.4 53.1 48.1 38.4 445 | 7.3
En24A-M675 65.9 76.6 58.2 74.0 68.7 |8.3
En24T-MO 30.8 40.7 30.8 30.8 333 |50
En24T-M350 58.2 40.7 38.4 38.4 439 | 9.6
En24T-M620 63.4 48.1 50.5 48.1 525 | 7.3
En24T-M675 53.1 55.6 53.1 63.4 56.3 | 4.9
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Appendix D (Results of Tensile Tests-UTS)

UTS( Mpa)

Material -PWHT | Test1 | Test2 | Test3 Test4 | av. Std. Dev
En24A-MO 784.0 |809.0 |1051.0 |---- 881.3 | 1475
En24A-M350 812.0 |770.0 |---- - -- 791.0 | 29.7
En24A-M620 - - 770.0 749.0 738.0 752.3 |16.3
En24A-M675 7220 |781.0 |753.0 784.0 |760.0 |28.9
En24T-MO 762.0 |795.0 |731.0 - -- 762.7 | 32.0
En24T-M350 791.0 |777.0 |738.0 717.0 | 755.8 |34.2
En24T-M620 753.0 827.0 795.0 617.0 748.0 | 92.4
En24T-M675 715.0 |765.0 |744.0 - - 7413 | 25.1
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Appendix E (Results of Tensile Tests-Elongation)

% elongation

Material-PWHT | Testl |Test2 |Test3 |[Test4 | Av. | Std.Dev
En24A-MO 12.0 10.0 8.0 - -- 10.0 |20
En24A-M350 7.0 8.0 - - - - 7.5 0.7
En24A-M620 - - 9.2 8.6 9.0 8.9 0.3
En24A-M675 16.0 13.0 14.0 12.0 13.8 | 1.7
En24T-MO 6.0 4.0 4.0 - -- 47 |12
En24T-M350 6.0 5.0 6.0 10.0 6.8 |22
En24T-M620 8.0 7.4 9.0 7.0 7.9 0.9
En24T-M675 10.8 10.0 10.4 - -- 104 |04
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