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Introduction
As a result of the availability, ease of fabrication, cost, good 

mechanical properties, and weldability of Low carbon steel; it 
has found diverse applications in transportation, marine, mining, 
chemical processing, pipelines, construction, and metal-processing 
equipment. Most of the engineering components are being joined 
through various techniques which include welding, fastening, 
riveting, brazing. However, welding process has been adopted for 
several manufacturing processes to minimize manufacturing time, 
achieve weight reduction, improve mechanical attributes and to 
ensure permanent joint [1]. Welding is essentially a metal joining  

 
technique. A weldment can be grouped into three distinct zones 
which are weld metal zone (WMZ), heat affected zone (HAZ) and 
the unaffected base metal zone (UBMZ). For low carbon steel which 
is the most welded material the three zones of a weldment can be 
indicated in an iron carbon equilibrium diagram [2].The fusion zone 
which is the volume of the parent metal melted to form part of the 
weld metal zone or the weld head lies between the WMZ and HAZ 
[3].The weld metal zone is formed by the solidification of the weld 
pool which itself is formed by the melting of a part of the parent 
metal and the additional material that is contributed by the melting 
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Abstract
This work examined the Impact of Low Frequency Vibration during Welding and Annealing on Microstructure of low carbon 

steel Butt-welded Joints with a view to establishing vibration regimes and the resultant microstructures that may improve the 
condition of service performance as well as increasing life span of welded joints. Commercially available mild steel plates were 
butt-welded employing vibration and non-vibration welding conditions and subjected to heat treatment before carrying out 
metallographic analysis. Vibration frequencies were varied from 0 to 14.32Hz in three different steps.The mechanical performance 
of the weldment with reference to strength and toughness depend upon the type of microstructure of weld metal and heat affected 
zone. The post weld heat treatment of annealing and stress relieving tend to significantly reduce the incidences of the conditions 
highlighted above. Also, rearrangements and realignments of the grains especially at the weld zones are obvious and have greatly 
influenced the quality and properties of the welded joints. It was observed from the vibrated frequencies 7.96Hz and 14.32Hz that 
the grain size diameters are coarser in the non-heated samples than the annealed samples in all the investigated zones. Hence, 
the vibration treatment during welding and casting greatly influence microstructures and improves grain refinement and service 
performance of the butt-welded joints.Results of microstructure analysis indicates fine-grained sizes at weld zones; but coarse at 
the heat affected and base metal zones, respectively. Therefore, microstructures having finer grain sizes are known to possess good 
mechanical properties with consequential effect on fracture toughness.
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of the electrode when used. In welding, however, there is a gradual 
change in temperature from the center of the weld pool to a short 
distance away from it, solidification of the molten metal in the weld 
pool starts as soon as it reaches the liquidus temperature for that 
material composition [3]. It requires no undercooling as the party 
melted grains provide the nuclei where from the growth of grains 
start into the solidifying weld pool, such a mode of solidification is 
referred to as Epitaxial solidification [2]. 

Properties most required of weld metal are toughness and 
strength. In general strength and toughness of the weld metals do 
not match those of corresponding base on parent metal. The ratio of 
yield strength to ultimate tensile strength is always higher in weld 
metal than in base metal [4]. Properties of weld metals are greatly 
influenced by the type of microstructure, grain size, precipitation 
processes, ageing, etc. in a similar vein; microstructure can be 
affected considerably by welding parameters like welding speed, 
heat input, etc. Toughness properties of weldments are worse than 
those of rolled or forged steels, in addition to strength and toughness, 
weldments are also required to have good fatigue properties [5]. 
In general fatigue properties of weld metals are interior to those 
of corresponding base metals. Because fatigue properties are 
affected mainly by weld contours as well as by morphology and 
dispersion patterns of inclusions. Therefore, to obtain good fatigue 
properties, weld metals must be sufficiently pure. Also, because of 
a lower carbon content it welds metal in comparison with that in 
the steel forming the HAZ and the base metal, the creep strength 
of the weld metals is always lower. Therefore, it can be said that 
the weld metal properties are affected not only by the chemical 
composition of the filter material used, but also by the chemical 
composition of the steel used as the parent material, the welding 
process employed and the weld cooling rates [6].A heat affected 
zone of a weld is that part of the welded joint which has been 
heated to a temperature up to the solidus of the parent material 
resulting in varying degree of influence on microstructure as a 
consequence of heating and cooling cycle [7]. When metal and 
alloys without polymorphous transformation (e.g. Cu, Ni, Ai) are 
welded, the microstructure in the HAZ remains unaltered though 
grain growth or recrystallization may take place while in the case 
of metals and alloys with polymorphous transformations (e.g. 
steels), significant micro structural changes take place in HAZ, that 
in turn influence the mechanical properties and consequently the 
service behaviour of the welded joint [5].This study therefore seek 
to investigate the effectof low frequency vibration during welding 
and annealing on microstructure of mild steel butt-welded joints 
of low carbon steel with a view to establishing vibration regimes 
and the resultant microstructures that may improve the service 
performance andincrease thelife span of welded joints.

Method 
Butt-welded joints of O Hz, 7.96 Hz and 14.32 Hz were made up 

of three distinct zones such as parent metal, heat affected zone and 

weld zone. From each sample, sections were obtained using manual 
hack sawing which were representatives of all the segments of 
the samples. Because the specimens were small, hence they were 
mounted to facilitate rough grinding as well as intermediate and 
final polishing. Each extracted sample was ground using silicon 
carbide belt grinders of finer silicon carbide with grits of 240, 320, 
400 and 600 meshes. Final grinding was carried out with 1000 grit 
size silicon carbide grinder. Each sample was then polished using 
Magnesium Oxide (MgO) powder. The mirror-like blower was dried 
using an electric blower and etched using a solution composed of 
Nital 2% (that is 2% Nitric Acid and 95% methyl alcohol). Etching 
revealed the different welded zones when viewed under the optical 
microscope and with the aid of the digital camera mounted on the 
microscope, the photomicrographs of the various structures were 
obtained. For the grain size measurement, the circular intercept 
method was employed whereby a circle of diameter 79.8mm was 
drawn on each micrograph representing the three zones of the 
weld joints. This circle was counted and added to ½ the intersecting 
grains. The number was then further translated as an average grain 
diameter of each photomicrograph. This was determined for all the 
weld zones and heat affected zones (HAZ) respectively.

Results and Discussion
 Results of microstructure analysis are presented in plates 1 -15 

while the grain size diameters at different vibrations are presented 
in (Figures 1-3) and Table 1 Discussion 

Plate 1: A1 Welded Zone for Control Sample (X250).

Plate 2: A1 HAZ for Control Sample (X250).
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Table 1: Variation in Temperature with Grain size, Weld Zone and Heat Affected Zone.

Temperature(˚C) Grain Size(um) Weld Zone (WZ) Grain Size (um) Heat affected zone (HAZ)

 0Hz 7.96Hz 14.32Hz 0Hz 7.96Hz 14.32Hz

30 0.167 0.196 0.12 0.15 0.187 0.172

350 0.118 0.142 0.142 0.129 0.136 0.175

450 0.146 0.12 0.153 0.182 0.165 0.189

550 0.142 0.157 0.15 0.175 0.128 0.102

650 0.174 0.122 0.312 0.192 0.199 0.185

750 0.14 0.146 0.107 0.196 0.192 0.207

Figure 1: Grain Size Diameters for 0Hz Vibration Frequency.

Figure 2: Grain Size Diameters for 7.96Hz Vibration Frequency.
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Figure 3: Grain Size Diameters for 14.32Hz Vibration Frequency.

Plate 3: A1 Welded Zone Annealed at 350˚C.

Plate 4: A1 HAZ Annealed at 350˚C(X250).

Plate 5: A1 Welded Zone Annealed at 450˚C(X250).

Plate 6: A1HAZ Annealed at 450 ˚C(X250).
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Plate 7: A1 Welded Zone Annealed at 650.

Plate 8: A1 HAZ Annealed at 650˚C (X250).

Plate 9: A1 Welded Zone Annealed 650 ˚C(X250).

Plate 10: A1 Welded Zone Annealed at 750 ˚C(X250).

Plate 11: HAZ Annealed at 750 ˚C(X250).

Plate 12: A2 - Welded Zone Control Sample (X250).

Plate 13: HAZ Control Sample (X250).
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Plate 14: A2 Welded Zone Annealed at 350˚C(X250).

Plate 15: A2 Welded Zone Annealed at 350˚C(X250).

Microstructure of Samples Vibrated at 0Hz Frequency

Weld Zone (Non – heat treated sample): The microstructure 
consists of light areas and dark areas. The light areas represent 
ferrite while the dark areas represent pearlite grains. Generally, 
the structure is that of chunky pearlite in partially transformed 
zone. Etching reagent of 2% Nital was used at 250X magnification. 
For the heat affected zone of the non-heat-treated samples, the 
microstructure was etched in 2% Nital at 250X magnification. There 
is distribution of fine pearlite grains as dark spots in a martensitic 
matrix. There is also the presence of small white undissolved carbide 
spheroids in dark pearlite areas. The weld zone annealed at 3500C 
reveals a fine dispersion of pearlite, otherwise called alloy carbides 
in a matrix of ferrite grains. The ferrite grains occupy the light 
back-ground. The microstructure was etched in 2% Nital solution 
at 250X magnification. Heat affected zone annealed at 3500C, 
the sample was welded under normal welding condition without 
application of vibration frequency. The microstructure etched 
in 2% natal consists of polygonal ferrite and acicular ferrite. The 
dark areas connote pearlite. The structure reveals that the cooling 
was slow as the sample was cooled in the furnace which resulted 
in tempered bainite [8]. The weld zone produced under normal 

welding condition and heat treated at 4500C was slowly cooled 
in the furnace. The structure consists of fine-grained pearlite and 
ferrite signs of non-metallic inclusions seen as dark cuts. Etching 
solution of 2% natal was used at 250X magnification. For the heat 
affected zone at the same heat treatment temperature and under 
the same welding condition, large pearlite and ferrite grains can be 
observed together with the evidence of grain growth. 

The structure was etched in 2% natal at 250X magnification. 
The weld zone heat treated at 5500C and under the same welding 
condition of 0Hz frequency consists of fine ferrite grains which 
are depicted in white areas with equal amount of pearlite grains 
which are in dark areas (Figure 1). The presence of large dark 
spots indicates inclusions. It is also an indication that the weld 
was defective. The heat affected zone at the same temperature 
of 5500C shows tempered bainite with some proeutecoid ferrite. 
More equiaxed light gray constituents can also be observed in the 
sample [9]. The structure was revealed when etched in 2% natal 
at the magnification of 250X. The weld zone heat treated at 6500C 
under the same welding condition largely contain sepitacial grain 
structure; acicular or lower bainite; and black needles in a martensic 
white matrix etched in 2% natal and at 250X magnification. At the 
same annealing temperature of 6500C, the resulting microstructure 
is that of spheroidized carbides in a ferrite matrix. The structure 
was etched in 2% natal. The weld zone heated at 7500C, furnace-
cooled to room temperature and treated to no vibration frequency 
showed a structure of the fine spheroidal cementite in a matrix of 
ferrite. The heat affected zone on the other hand clearly showed 
grain growth zone. The microstructure consists of pearlite carbides 
prominent within the soft ferrite matrix.

Microstructure of Samples Vibrated at 7.96Hz Frequency

The weld zone produced at 7.96Hz vibration frequency has a 
structure of epitaxial long grains with large dark spots occasioned by 
welding defects (Figure 2). As a result of the vibratory treatment, the 
grains are more aligned. The microstructure consists of long ferrite 
grain with dark boundary edges. The heat affected zone consists 
of ferrite and pearlite grains. Large white portions represent the 
ferrite grain while the dark portions represent the ferrite grain while 
dark pearlite grains. The microstructure was etched in 2% nital 
at 250x magnification. The weld temperature of 3500c under the 
vibratory condition of 7.69Hz frequently showed a fine dispersion 
of carbide in ferrite matrix. The light areas are ferrite grain whereas 
the dark areas are pearlite grains [10]. Etching reagent used is 2% 
nital at 250x magnification. For the heat treatment temperature of 
3500c, the microstructure consists of pearlite-ferrite grains. The 
appearance of the structure depicts tempered martensite. At 4500c, 
the weld zone has a structure of refined equiaxed grain. There are 
no contaminants in the structure. The weld joint is sound etched 
in 2% nital, the heat affected zone at 7.69Hz vibration frequency 
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and 4500c heat treatment temperature has a structure consisting 
of pearlite and ferrite with pearlite scattered in ferrite matrix. The 
microstructure does not significantly change from the structure 
of the base metal. Both ferrite and pearlite are evenly distributed. 
Etchant of 2% nital was used. The weld zone heat treated at 5500C 
and at the same vibration has a structure of ferrite and cementite. 
The cementite grains became elongated with maximum ductility 
and minimum hardness with reduced machinability [6]. 

On the other hand, the heat affected zone consists of fine-grained 
ferrite and pearlite of spheroidal shapes. The heat affected zones 
in a most of the residual and welding stresses have been removed. 
The microstructure was etched in 2% initial. The weld zone heated 
to austenitizing temperature and annealed below sub-critical 
temperature consists of fine-grained ferrite and small pearlite 
areas. The structure has good impact toughness and strength but 
moderately hard, the heat affected zone at same temperature of 
6500C consists of coarse grains of ferrite and pearlite with the 
pearlite zones subsumed in ferrite matrix. The weld zone heat 
treated to 7500C and vibrated at 7.96Hz welding frequency showed 
spheriodized cementite in ferrite matrix. All microstructure was 
studied using 2% nital as etchant and at the magnification of 250X. 
The heat affected zone slightly experienced thermal cycle from 
fusion zones. The microstructure basically consists of pearlite and 
ferrite but with large sizes of pearlite grains [11]. 

Microstructure of Samples Vibrated At 14.32hz 
Frequency

The microstructure for non-heat-treated samples showed 
equiaxed ferrite grain of a homogenous nature with pearlite 
patches within the matrix (Figure 3). The heat affected zones also 
contains pearlite and ferrite, grains of pearlite particles are coarse 
with pearlite being distributed in ferrite matrix. The structure is 
not distinct from the base metal structure. At 3500C heat treated 
temperature the microstructure consists of dense and massive 
ferrite grains with pearlite at the edges of the ferrite grains. In the 
heat affected zones on marked microstructural changes recorded. 
The structure cooled slowly to coarse grains of ferrite and pearlite 
while dark areas are pearlite. The weld zoneheat treated to 4500C 
consist of tempered martensite whereasthe heat affected zone has 
a structure of fine lamellar pearlite and ferrite the hardness of the 
base metal and the structure is not remarkably different from the 
original structure [11]. The weld annealed at 5500C and cooled in 
furnace also consists of pearlite and ferrite with some spheroidal 
cementite [7]. The heat affected zones annealed at sub-critical 
temperature of 6500C consists of equiaxed ferrite grains with signs 
of entrapped gases.Black spots are alloy carbides with matrix of 
ferrite. The microstructure of the heat affected zone consists of 
ferrite and pearlite. The grains are large on sizes but shows portions 
of fine grains towards the unheated zone [10].

Effect of Vibration and Heat Treatment on Microstructure

The microstructure of the three zones were studied for all the 
specimens vibrated at frequencies of 0, 7.96 and 14.32 and annealed 
at temperatures 3500C–7500C (Plates 1-15). The specimens were 
initially subjected to moderate vibration frequencies of 0, 7.96 and 
14.32 Hz. A common phenomenon of the microstructures studied 
was the presence of pearlite in ferrite matrix. At 0Hz the grains 
at the base metal and heat affected zone are coarser than at the 
moderately higher frequencies of 7.96 and 14.32Hz at the same 
zones. Grain sizes at the weld zones are more refined which may 
improve quality and performances of welded joints. Most grains are 
equiaxed and spheroidal at weld zones. The grain sizes of the weld 
zones are often evenly distributed with massive grains of pearlite 
and ferrite whereas coarse grains are observed in the structure of 
the base metal and the heat affected zones [7].Mostly the grains 
are fine at the weld zones. Under the normal welding condition, 
the grains of the non-heat-treated samples are of finer grain sizes 
than the heat-treated samples with respect to the weld zones and 
the heat affected zones. But at the moderately vibrated frequencies 
7.96Hz and 14.32Hz the grain size diameters are coarser in the non-
heated samples than the annealed samples in all zones studied. The 
study has indeed shown that vibration treatment during welding 
and casting can greatly influence microstructures and generally 
improves grain refinement and service performance of the butt-
welded joints [12-15].

Effect of Vibration and Heat Treatment on Grain Size

For most steels, the grain size of the microstructure is a strong 
determinant of notch toughness Table 1. Vibratory treatment has 
been shown to improve grain refinements [6]. As a result, the grain 
size has marked influence on the yield stress, and strain hardening 
rate and it is therefore logical to expect grain size to influence 
fracture toughness. Therefore, microstructures having finer 
grain sizes are known to possess high mechanical strength with 
consequential effect on fracture toughness [11].

Conclusion
The heating and cooling cycles of welding result in the 

development of residual stresses. The residual stresses developed 
due to welding being a combination of tensile and compressive 
stresses. Different welding processes result in different rates of 
cooling with consequential effect on microstructure, grain size and 
residual stresses. A high cooling rate process like EAW results in 
fine-grained weld zone of high hardness and strength, but with 
low impact strength. The post weld heat treatment of annealing 
and stress-relieving tend to significantly reduce the incidences of 
the conditions highlighted above. On the other hand, a low cooling 
rate process like submerged arc welding results in comparatively 
coarser-grained weld zone of medium hardness and strength with 
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high fracture toughness. As the weld zone and HAZ have different 
hardness so is their tendency to brittle fracture which is a major 
function of the composition of the microstructure that influences 
the mechanical properties of the weld metal[16-19].
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