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Factorial analysis of heat affected zone hardness of some metals was evaluated. Three models were derived and used as tools for
evaluating the welding current influence on the predictability of HAZ hardness in aluminium, cast iron, and mild steel weldments
similarly cooled in palm oil. It was discovered that on welding these materials, and similarly cooling their respective weldments in
palm oil, the model 𝛼
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0.8498 with the ratio: HAZhardness product of cast iron andmild

steel/HAZ hardness sum of cast iron andmild steel (𝛾
𝑤
𝛽
𝑤
/(𝛽
𝑤
+𝛾
𝑤
)). Computational analysis of experimental andmodel-predicted

results indicates that aluminium, cast iron, and mild steel weldment HAZ hardness per unit welding current as evaluated from
experiment and derived model are 3.3917, 4.8333, and 2.7944 and 3.3915, 4.8335, and 2.7946 (VHN) A−1, respectively. Deviational
analysis shows that the maximum deviation of model-predicted HAZ hardness from the experimental results is less than 0.007%.
This invariably implies over 99.99 % confidence level for the derived models.

1. Introduction

In many industries today, engineers are concerned with ways
or how to prolong the life of the structure, with the repair and
reclamation of its worn-out surface on its broken components
[1]. Interestingly, in some cases, the extent of damage or worn
is so small and localized that the components involved are
repaired economically by welding [1].

In the past, restoration of worn-out industrial compo-
nents has been achieved by weld surfacing. And so the wide
range of consumables available for use with themanywelding
processes requires careful selection to suit a given working
environment [2]. Restoration is ultimately achieved when
welding is done at a low cost compared with replacement
costs especially when the component is large and/or expen-
sive.

Studies [1, 3] have revealed consideration and applica-
bility of suitable welding procedures as well as fulfilling the

metallurgical requirements as the first two vital factors for
successful repair.

Analytical and numerical models for the prediction of
the thermal fields induced by the stationary or the moving
heat sources are useful tools for studying the fore mentioned
problems [4]. In some laser beamapplications, such as surface
heat treatment, the contribution of convective heat transfer
must also be taken into account [5]. Quasi-steady state ther-
mal fields induced by moving localized heart sources have
been widely investigated [6], whereas further attention seems
to be devoted to the analysis of temperature distribution in
transient heat conduction because temperature distribution
has a significant influence on the residual stresses, distor-
tion, and hence the fatigue behavior of welded structures.
Welding is accompanied with considerable changes in the
microstructure of the weldment due to the heating and
cooling cycle of the weld zone, which in turn is directly
related to the welding process and techniques employed.
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The properties of a welded joint can only be improved
by improving the microstructure of the HAZ. It has been
generally reported [7] that a number of welding process
variables and applied operating conditions influence the
characteristics and microstructure, and, invariably, hardness,
toughness, and cracking susceptibility of the HAZ in steel
fusion welds. Excessive heat input has been known to result
in a wide HAZ with low impact strength, particularly in
high heat-input submerged arc welds. Rosenthal fails to
predict the temperature in the vicinity of the heat source [8].
Eager and Tsai [9] modified Rosenthal’s theory to include
a two-dimensional (2-D) surface Gaussian distributed heat
source with a constant distribution parameter (which can
be considered as an effective solution of arc radius) and
found that an analytical solution for the temperature of
a semi-infinite body subjected this moving heat source.
Their solution is a significant step for the improvement of
temperature prediction in the near heat source regions.

Heat-affected zone of a fusionweld in steelmay be divided
into three zones, supercritical, intercritical, and subcritical
zones [10]. The supercritical region, in turn, is divided
into two regions: grain growth and grain refinement. The
microstructure of the grain growth and grain refinement
regions of the HAZ’s supercritical zone has been reported
[11] to influence significantly the properties of the weld joint.
Accurate prediction of the properties of this zone stems from
the amount and extent of grain growth apart from knowing
the weld thermal cycle. The width of the HAZ’s supercritical
zone is expected to be as narrow as possible and so heat
input from the welding process must be limited. Also, the
supercritical zone undergoes considerable microstructural
changes that are compared to small, negligible, and structural
changes in the HAZ’s intercritical and subcritical zones. The
mechanical and metallurgical properties of the weldment are
affected by thesemicrostructural changes [12].This invariably
implies that the size of the HAZ is an indication of the extent
of structural changes. The sizes of the HAZ are controlled
by process variables and heat input, and so correlating them
through development ofmathematical models is significantly
needful.

A model has also been derived [13] for assessment and
computational analysis of the hardness of the heat-affected
zone (HAZ) in aluminum weldment. The general model

𝛾 = 1.2714 [(

𝛼𝛽

𝛼

+ 𝛽)] (1)

showcases the tendency of predicting the HAZ hardness of
aluminumweldment cooled inwater as a function of theHAZ
hardness of both mild steel and cast iron welded and cooled
under the same conditions. The maximum deviations of the
model-predicted HAZ hardness values 𝛾, 𝛼, and 𝛽 from the
corresponding experimental values 𝛾 exp, 𝛼 exp, and 𝛽 exp
were less than 0.02%, respectively.

Studies have been carried out to understand how HAZ
hardness of weldment is affected on cooling the weldments
in groundnut oil [14]. Models were derived [15] (using the
results of the study) for the evaluation of the HAZ hardness
of cast iron weldment cooled in groundnut oil in relation

to the respective and combined values of HAZ hardness of
aluminum and mild steel welded and cooled under the same
conditions. The linear models: 𝛼 = 2.2330𝛾, 𝛼 = 1.7934𝛽,
and 𝛽 = 1.2451𝛾, were found to predict the HAZ hardness
of cast iron weldment cooled in groundnut oil as a function
of the HAZ hardness of aluminum or mild steel welded and
cooled under the same conditions. It was also discovered that
the general model:

𝛼 = 1.7391𝛾 + 0.3967𝛽 (2)

was able to predict the HAZ hardness of cast iron weldment
cooled in groundnut oil as a function of the HAZ hardness
of both aluminum and mild steel welded and cooled under
the same conditions. The respective deviations of the model-
predicted HAZ hardness values 𝛾, 𝛽, and 𝛼 from the corre-
sponding experimental values 𝛾 exp, 𝛽 exp, and 𝛼 exp, was
less than 0.8% indicating at the reliability and validity of the
model.

A model [16] has successfully been derived for the
predictive analysis of hardness of the heat affected zone in
aluminum weldment cooled in groundnut oil. The general
model

𝛽 = 0.5997√(𝛾𝛼) (3)

shows that HAZ hardness in aluminium weldment was
dependant on the hardness of the heat-affected zone (HAZ) in
mild steel and cast iron weldments cooled in samemedia. Re-
arrangement of the subject of the model evaluated the HAZ
hardness of mild steel 𝛼 or cast iron 𝛾, respectively, as in the
case of aluminum

𝛼 =

𝛽
2

0.3596𝛾

, (4)

𝛾 =

𝛽
2

0.3596𝛼

. (5)

The respective deviations of the model-predicted HAZ hard-
ness values 𝛽, 𝛾, and 𝛼 from the corresponding experimental
values were less than 0.02%.

Quadratic and linear models [17] were also derived
for predicting the HAZ hardness of air-cooled cast iron
weldment in relation to the combined and respective values of
HAZhardness of aluminumandmild steel welded and cooled
under the same conditions. This is similar to the previous
model [18] except that the weldments in this case were cooled
in air, while those of the previous model [18] were cooled in
water. It was discovered that the general model

𝜃 =

[2.9774𝛽 − 𝛾]

2

+ √[(

(𝛾 − 2.9774𝛽)

2

)

2

− 𝛾𝛽] (6)

predicts the HAZ hardness of cast iron weldment cooled in
air as a function of the HAZ hardness of both aluminum and
mild steel welded and cooled under the same conditions.The
linearmodels 𝜃 = 2.2391𝛾 and 𝜃 = 1.7495𝛽 on the other hand
predict the HAZ hardness of cast iron weldment cooled in air
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as a function of the HAZ hardness of aluminum or mild steel
welded and cooled under the same conditions.The validity of
the model is rooted on the fractional expression 𝛾/2.9774𝜃 +
𝛾/2.9774𝛽 + 𝜃/2.9774𝛽 = 1 since the actual computational
analysis of the expression was also equal to 1, apart from
the fact that the expression comprised the three metallic
materials. The respective deviations of the model-predicted
HAZ hardness values 𝜃, 𝛾, and 𝛽 from the corresponding
experimental values 𝜃 exp, 𝛾 exp, and 𝛽 exp were less than
0.003%.

The heat-affected zone (HAZ) hardness of water cooled
cast iron weldment has been predicted by quadratic and
linear models [18].This was done in relation to the combined
and respective values of the heat-affected zone hardness of
aluminum and mild steel welded and cooled under the same
conditions. The quadratic model is expressed as

𝜃 =

[3.0749𝛽 − 𝛾]

2

+ √[(

(𝛾 − 3.0749𝛽)

2

)

2

− 𝛾𝛽]. (7)

The validity of the quadratic model was rooted on the
fractional expression 𝛾/3.0749𝜃 + 𝛾/3.0749𝛽 + 𝜃/3.0749𝛽 =
1. Evaluations indicate that the respective deviations of
the model-predicted heat-affected zone hardness values of
aluminum, cast iron, and mild steel from the corresponding
experimental values were less than 0.01% which is quite
insignificant, indicating the reliability of themodel.The linear
models expressed as 𝜃 = 2.2051𝛾 and 𝜃 = 1.8035𝛽, on the
other hand, predict the HAZ hardness of cast iron weldment
cooled in water given that the values of the HAZ hardness
of aluminum or/and mild steel welded and cooled under the
same conditions are known.

The present work aims at determination of the HAZ
hardness of aluminium, cast iron, and mild steel weldments,
similarly cooled in palm oil as well as achieving a factorial
analysis of the welding current influence onHAZ hardness of
the aforementioned metals.

2. Materials and Methods

The welding operations were carried out using samples of
aluminum, cast iron, and mild steel obtained from the First
Aluminum Company Ltd. Port Harcourt. Two parts of each
standard sample of these materials were butt welded end to
end at the interface of separation prior to welding. The joints
were prepared by chamfering the edges to be joined to create a
“double V” kind of groove. The welding technique employed
here was the shielded metal arc welding (SMAW) process
because of its commonness and versatility and also because
the process gives a moderately sized heat-affected zone. Also
this technique was employed because it offers protection to
the molten metal (during welding) against atmospheric gas
interference. Palm oil was selected as the cooling medium
because it confers greater hardness than air [5]. This is
what the experimental condition demands. Consumable
electrodes of length 230–240mmwere used.These electrodes
were coated with SiO

2
. The welded samples were similarly

cooled in palm oil (maintained at room temperature), and the

Table 1: Variation of materials with welding currents and voltages.

Material C/Type W/C W/V
Aluminium D.C 120 280
Cast iron A.C 180 220
Mild steel A.C 180 220

Table 2: Hardness of HAZ in weldments.

Material HAZ hardness (VHN)
Aluminium 407
Cast iron 870
Mild steel 503

HAZ hardness of their respective weldments was determined
using Vickers hardness testing machine. Ten samples from
each of the three materials were welded and similarly cooled
in palm oil, and their respective weldment HAZ hardness
was tested. The average HAZ hardness for the weldments
of each of the three materials investigated was evaluated as
presented in Table 2. Table 1 shows the welding current and
voltage used.

3. Model Formulation

Experimental data generated from the highlighted research
work were used for the model formulation. Computational
analysis of these data shown in Table 1 gave rise to Table 2
which indicates that

(
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Evaluating the value of 𝛽
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from the derived model in (12)
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Table 3: Variation of ((𝑖
𝛼
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𝛾
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𝛼
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𝛽
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Similarly, from (13), 𝛾
𝑤
is evaluated as

𝛾
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where (𝛼
𝑤
) = HAZ hardness of aluminium weldment cooled

in palm oil (VHN), (𝛾
𝑤
) = HAZ hardness of cast iron

weldment cooled in palm oil (VHN), (𝛽
𝑤
) = HAZ hardness

of mild steel weldment cooled in palm oil (VHN), (𝑖
𝛼
) =

welding current for aluminium (A), (𝑖
𝛾
) = welding current

for cast iron (A), and (𝑖
𝛽
) = welding current for mild steel

(A), 𝑁 = 1.1768, equalizing constant (determined using C-
NIKBRAN [13].

The derived models are (12), (13), and (14).

4. Boundary and Initial Conditions

The welding process was carried out under atmospheric
condition. After welding, weldments were also maintained
at atmospheric condition. Input welding current and voltage
range are 120–180A and 220–280V, respectively. SiO

2
-coated

electrodes were used to avoid oxidation of weld spots. The
range of electrode length was used: 230–240mm. Welded
samples were cooled in palm oil which was maintained at
25∘C. No pressure was applied to the HAZ during or after the
welding process. No force due to compression or tension was
applied in any way to the HAZ during or after the welding
process. The sides and shapes of the samples are symmetries.

5. Results and Discussions

Table 2 shows the variation of materials with the input
welding current type (C/Type), welding current (W/C), and
voltage (W/V). The result of hardness of the HAZ obtained
from aluminium, cast iron, and mild steel weldments simi-
larly cooled in palm oil (as presented in Table 2) shows that
HAZ hardness is the greatest in cast iron followed by mild
steel, while that of aluminium is the lowest.

Thederivedmodels are (12), (13), and (14). Computational
analysis results in the 3rd column of Table 1 and 2nd column
of Table 2 gave rise to Table 3. The precision and validity of
the model are stemmed on this table (Table 3).

Equation (12) indicates that on welding aluminium and
cast iron as well asmild steel and then cooling their respective
weldments similarly in palm oil, the HAZ hardness in
aluminium weldment will be evaluated by multiplying the
ratio of HAZ hardness product of cast iron, and mild steel
to their HAZ hardness sum with the general current product
rule (GCPR) (involving aluminium, cast iron, and mild
steel). This implies that ((𝑖

𝛼
𝑖
𝛽
+ 𝑖
𝛼
𝑖
𝛾
)/𝑖
𝛾
𝑖
𝛽
)
0.8498 is the general

current product rule and acts as a multiplying factor to

𝛾
𝑤
𝛽
𝑤
/(𝛽
𝑤
+ 𝛾
𝑤
), a way of influencing the value of 𝛼

𝑤
in

(12). Equations (13) and (14) also evaluate the HAZ hardness
of mild steel and cast iron based on the GCPR. Based on
the foregoing, the weldment HAZ hardness of each of the
three materials relative to the other materials is significantly
dependant on the GCPR which is a collective function of
their respective welding currents. The highlighted analysis
therefore shows that the HAZ hardness of weldments is
significantly affected by the input welding current.

6. Model Validation

The validity of the derived model was tested by comparing
between the weldmentHAZ hardnesses of the threematerials
as evaluated from experiment and derived model. This was
done using computational and deviational analysis. The
validity of themodel was found to be rooted in (8) (core of the
model) where both sides of the equation are correspondingly
equal. Table 3 also agrees with (8) following the values of
(𝑖
𝛼
/𝑖
𝛾
+ 𝑖
𝛼
/𝑖
𝛽
) and ((𝛼

𝑤
/𝛾
𝑤
) + (𝛼

𝑤
/𝛽
𝑤
))
1.1768 evaluated from

the experimental results in Tables 1 and 2.

7. Computational Analysis

Computational analysis of the experimental and model-
predicted weldment HAZ hardness per unit welding current
was carried out for the three materials to ascertain the
degree of validity of the derived model. These were evaluated
from calculations involving experimental results and derived
model.

7.1. Aluminium HAZ Hardness per Unit Welding Current.
AluminiumHAZhardness per unit welding current𝐻

𝑍

𝐴 was
calculated from

𝐻
𝑍

𝐴

=
𝐴
𝐻
𝑍

𝐼

. (15)

Dividing the HAZ hardness of aluminium weldment;
407VHN (as shown in Table 2) with the input welding
current of 120A, gave 3.3917 (VHN)A−1 as theHAZ hardness
per unit welding current.

Also, dividing the model-predicted HAZ hardness of
aluminium weldment, 406.98VHN with the input welding
current, 120A, the model-predicted aluminium HAZ hard-
ness per unit welding current, is given as 3.3915 (VHN) A−1.

7.2. Cast Iron HAZ Hardness per Unit Welding Current. Cast
iron HAZ hardness per unit welding current 𝐻

𝑍

𝐶, was
calculated from

𝐻
𝑍

𝐶

=
𝐶
𝐻
𝑍

𝐼

. (16)

On dividing the HAZ hardness of cast iron weldment;
870VHN (as shown in Table 2) with the input welding
current of 180A, gave 4.8333 (VHN)A−1 as theHAZhardness
per unit welding current. This is the experimentally obtained
cast iron weldment HAZ hardness per unit welding current.
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Figure 1: Comparison of aluminium HAZ hardness of weldments
as obtained from experiment and derived model.

Furthermore, dividing the model-predicted HAZ hard-
ness of cast iron weldment, 870.03VHN with the input
welding current, 180A gives 4.8335 (VHN) A−1 as the model-
predicted cast iron HAZ hardness per unit welding current.

7.3. Mild Steel HAZ Hardness per Unit Welding Current.
Mild steel HAZ hardness per unit welding current𝐻

𝑍

𝑀 was
calculated from

𝐻
𝑍

𝑀

=
𝑀
𝐻
𝑍

𝐼

. (17)

Dividing the HAZ hardness of mild steel weldment,
503VHN (as shown in Table 2) with the input welding
current, 180A gives 2.7944 (VHN) A−1 as the HAZ hardness
per unit welding current as obtained from experiment.

Similarly, dividing the model-predicted HAZ hardness of
mild steel weldment, 503.03VHNwith the input welding cur-
rent, 180A gives 2.7946 (VHN) A−1 as the model-predicted
mild steel HAZ hardness per unit welding current.

An analysis of Figures 1, 2, and 3 shows proximate
agreement between HAZ hardness as evaluated from exper-
iment and derived model. A comparison of these three
corresponding sets of HAZ hardness values per unit welding
current shows proximate agreement and invariably a high
degree of validity for the derived model.

8. Deviational Analysis

Comparative analysis of weldment HAZ hardness from the
experiment and derived model revealed very insignificant
deviations on the part of the model-predicted values relative
to values obtained from the experiment. This is attributed
to the fact that the experimental process conditions which
influenced the research results were not considered during
the model formulation. This necessitated the introduction
of correction factor, to bring the model-predicted HAZ
hardness results to those of the corresponding experimental
values.
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Figure 2: Comparison of cast iron HAZ hardness of weldments as
obtained from experiment and derived model.
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Figure 3: Comparison of mild steel HAZ hardness of weldments as
obtained from experiment and derived model.

Deviation (Dv) of model-predicted HAZ hardness from
that of the experiment is given by

Dv = (
𝑃
𝑅
− 𝐸
𝑅

𝐸
𝑅

) × 100. (18)

Correction factor (Cf) is the negative of the deviation that
is

Cf = −Dv. (19)

Therefore

Cf = −(
𝑃
𝑅
− 𝐸
𝑅

𝐸R
) × 100, (20)

where Dv = deviation (%), 𝑃
𝑅
= model-predicted HAZ

hardness (VHN), 𝐸
𝑅

= HAZ hardness from experiment
(VHN), and Cf = correction factor (%).
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Table 4: Variations of model predicted HAZ hardness with devia-
tions and correction factors.

Material MoD Dv (%) Cf (%)
Aluminium 406.98 −0.0049 +0.0049
Cast iron 870.03 +0.0034 −0.0034
Mild steel 503.03 +0.0060 −0.0060

It is strongly believed that on introduction of the values
of Cf from (20) into the model, exact corresponding experi-
mental HAZ hardness would be obtained.

Deviational analysis indicates clearly in Table 4 that
the maximum deviation of model-predicted HAZ hardness
(from experimental values) is less than 0.007%. This is
insignificant and very much within the acceptable range
of deviation from experimental results. This implies over
99.99% operation confidence level for the derived models.

It is pertinent to state that the deviation of model
predicted results from that of the experiment is just the
magnitude of the value. The associated sign preceding the
value signifies that the deviation is a deficit (negative sign)
or surplus (positive sign).

9. Conclusions

The factorial analysis of welding current influence on the
HAZ hardness of aluminium, cast iron, and mild steel
weldments similarly cooled in palm oil, carried out using
three derived models, reveals that the HAZ hardness of the
weldments was significantly affected by the input welding
current. On welding aluminium, cast iron, and mild steel
and cooling their respective weldments similarly in palm,
the model evaluates aluminium weldment HAZ hardness
by multiplying the determined general current product rule
(GCPR) ((𝑖

𝛼
𝑖
𝛽
+ 𝑖
𝛼
𝑖
𝛾
)/𝑖
𝛾
𝑖
𝛽
)
0.8498 with the ratio, HAZ hardness

product of cast iron andmild steel/HAZ hardness sum of cast
iron and mild steel (𝛾

𝑤
𝛽
𝑤
/(𝛽
𝑤
+ 𝛾
𝑤
)).

Furthermore, weldment HAZ hardness of each of cast
iron and mild steel relative to the others is significantly
dependant on theGCPRwhich is a collective function of their
respective welding currents. The validity of the model was
found to be rooted in the core model expression ((𝑖

𝛼
/𝑖
𝛾
) +

(𝑖
𝛼
/𝑖
𝛽
)) = ((𝛼

𝑤
/𝛾
𝑤
) + (𝛼

𝑤
/𝛽
𝑤
))
1.1768, where both sides of the

core model expression are correspondingly equal.
Computational analysis of experimental and model pre-

dicted results indicates that aluminium weldment HAZ
hardness per unit welding current as evaluated from exper-
iment and derived model are 3.3917 and 3.3915 (VHN) A−1,
respectively. Similarly, cast iron weldment HAZ hardness
per unit welding current as evaluated from experiment and
derivedmodel are 4.8333 and 4.8335 (VHN)A−1, respectively.
Furthermore, mild steel weldment HAZ hardness per unit
welding current evaluated from experiment and derived
model are 2.7944 and 2.7946 (VHN) A−1, respectively. Devi-
ational analysis shows that themaximumdeviation ofmodel-
predicted HAZ hardness from the experimental results is less

than 0.007%.This invariably implies over 99.99% confidence
level for the derived models.

References

[1] R. E. Dolby and K. G. Kent, “Repair and reclamation,” in
Proceedings of the Welding Institute Conference, London, UK,
September 1984.

[2] P. Blaskovito, N. A. Grinberg, J. Suchanek et al., “New hardfac-
ing materials for arasive and erosive condition, metallurgy,” in
Proceedings of the Process Autoration, XII- 1667-01, IIW, pp. 21–
35, Liubljana, Slovenia, 2001.

[3] J. D. Ayere, T. R. Tucker, and R. J. Schaefer, “Wear resist-
ing surfaces by carbide particle injection, rapid solidification
processing- principles and technologyies, II,” R. Mehrabian, B.
H.Kear, andM.Cohn, Eds., p. 212, Claitor’s PublishingDivision,
Baton Rouge, La, USA, 1980.

[4] R. Viskanta and T. L. Bergman, “Heat transfer in material
processing,” inHandbook of Heat Transfer, chapter 18,McGraw-
Hill, New York, NY, USA, 1998.

[5] S. Z. Shuja, B. S. Yilbas, and M. O. Budair, “Modeling of laser
heating of solid substance including assisting gas impingement,”
Numerical Heat Transfer A, vol. 33, no. 3, pp. 315–339, 1998.

[6] N. Bianco, O. Manca, and S. Nardini, “Comparison between
thermal conductive models for moving heat sources in material
processing,” in Proceedings of the ASME International Mechan-
ical Engineering Congress and Exposition, pp. 11–22, New york,
NY, USA, November 2001.

[7] G. E. Linnert,WeldingMetallurgy, vol. 1,TheAmericanWelding
Society, Miami, Fla, USA, 4th edition, 1994.

[8] D. Rosenthal, “Mathematical theory of heat distribution during
welding and cutting,” Welding Journal, vol. 20, no. 5, pp. 220–
234, 1941.

[9] T. W. Eager and N. S. Tsai, “Temperature fields produced by
traveling distributed heat sources,”Welding Journal, vol. 62, no.
12, pp. 346–355, 1983.

[10] J. F. Lancaster, The Metallurgy of Welding, Allen and Unwin,
London, UK, 4th edition, 1987.

[11] B. M. Patchett, “Control of microstructure and mechanical
properties in SA and GMA weld metals,” in Proceedings of the
International Symposium on Welding Metallurgy of Structural
Steels, pp. 189–199, Denver, Colo, USA, 1987.

[12] C. I. Nwoye, C.N.Anyakwo, E.Obidiegwu, andN. E.Nwankwo,
“Model for assessment and computational analysis of hardness
of the heat affected zone in water cooled aluminiumweldment,”
Journal ofMineral andMaterials Characterization and Engineer-
ing, vol. 10, no. 8, pp. 707–715, 2011.

[13] C. I. Nwoye, “Comparative studies of the cooling ability of
hydrocarbon based media and their effects on the hardness
of the heat affected zone (HAZ) in weldments,” Journal of
Metallurgical and Materials Engineering, vol. 3, no. 1, pp. 7–13,
2008.

[14] C. I. Nwoye and I. E.Mbuka, “Models for predicting HAZ hard-
ness in cast ironweldment cooled in groundnut oil in relation to
HAZ hardness of aluminium and mild steel weldments cooled
in same media,” Materials Research Innovations, vol. 14, no. 4,
pp. 312–315, 2010.

[15] C. I. Nwoye, U. Odumodu, C. C. Nwoye, G. C. Obasi, and O. O.
Onyemaobi, “Model for predictive analysis of hardness of the
heat affected zone in aluminum weldment cooled in groundnut
oil relative to HAZ hardness of mild steel and cast iron



Journal of Metallurgy 7

weldments cooled in same media,” New York Science Journal,
vol. 2, no. 6, pp. 93–98, 2009.

[16] C. I. Nwoye and I. E. Mbuka, “Quadratic and linear models for
predicting the hardness of heat affected zone in air cooled cast
iron weldment in relation to the HAZ hardness of aluminum
and mild steel weldments cooled in same media,” Researcher
Journal, vol. 1, no. 4, pp. 1–6, 2009.

[17] C. I. Nwoye, “Quadratic model for predicting the hardness of
heat affected zone inwater cooled cast ironweldment in relation
to similarly cooled aluminum and mild steel weldments,” Jour-
nal of Mineral and Materials Characterization and Engineering,
vol. 8, no. 10, pp. 765–773, 2009.

[18] C. I.Nwoye, C-NIKBRAN;DataAnalyticalMemory (Software),
2008.



Submit your manuscripts at
http://www.hindawi.com

Scientifica
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Corrosion
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Polymer Science
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Ceramics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Composites
Journal of

Nanoparticles
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Biomaterials

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Nanoscience
Journal of

Textiles
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Journal of

Nanotechnology
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Crystallography
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Coatings
Journal of

Advances in 

Materials Science and Engineering
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Smart Materials 
Research

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Metallurgy
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Materials
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

N
a
no

m
a
te
ri
a
ls

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal ofNanomaterials


