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Double walled cylindrical In this study, slight hydroforming is introduced as a localized, low-pressure deformatiog@&c;
(

joining double-walled tubes, where controlled radial deformation rather than full tube fornling produces

tube; a mechanically interlocked ST52/GGG70 interface. A Box—Behnken response sur dology
ST52 steel; (RSM) was employed to evaluate the effects of applied forming load (expressed uivalent internal
GGG70 cast iron: pressure), forming temperature (25-75 °C), and Nano-Al:Os concentration (0— on the greatest

diameter reduction (D1). The analysis revealed that the applied forming loa, ted 62.4% of the

Joining; total effect on D1, followed by temperature (23.1%) and nanofluid co %). The developed
Response surface quadratic model exhibited excellent predictive capability (R? = 09874), and®the optimal parameters
methodology (=520 MPa, 73 °C, and 5.6 wt% Nano-Al:Os) resulted in“aSmaxi1 diameter reduction of

approximately 14.2%, consistent with the model prediction. Microsc f specimens produced under
optimized conditions revealed a wavy interfacial morphology with an“average waviness amplitude of
18-25 pum, accompanied by a thin and discontinuoys 3%intermetallic layer. This interfacial
configuration effectively disrupts crack propagation paths enhances joint integrity. Overall, the
results demonstrate that optimized slight hydrofo '%bles the formation of a crack-resistant,
mechanically interlocked interface, confirming i %i 1

technique for multi-material tubular structures.

as an efficient and controllable joining

R,

Highlights \

Slight hydroforming is introduced as a low-pr ur@ormation—assisted joining technique for double-walled
ST52/GGG70 tubes.

A Box—Behnken RSM design quantified the effects of applied forming load, temperature, and Nano-AlOs content on
the greatest diameter reduction (D1).

The applied forming load contributed 62.49
diameter reduction of approximately 14
Optimized forming conditions pr
intermetallic layer, enhancing,crack r
The Nano-Al:Os nanofluid impgoved lubrication and deformation uniformity, contributing to enhanced interfacial
integrity under slight hydroft

the total effect on D1, and the optimized parameters yielded a maximum

interface with 18—25 pm amplitude and a thin, discontinuous 3—6 pm
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1. Introduction

With the rapid advancement of industries such as fluid transmission, oil and gas systems, chemical processes, and high-
temperature heat exchangers, the demand for reliable double-walled cylindrical tubes has significantly increased in recent years
[1,2]. Among the various production methods, tube hydroforming is recognized as a widely used technique for manufacturing
multilayer pipes due to its capability to form complex geometries with high accuracy [3]. Hydroforming is a pressure-assisted
tube-forming process in which internal fluid pressure is applied to shape metallic tubes into desired configurations [4]. The main
advantages of this method include the ability to fabricate intricate geometries, reduce the number of components by eliminating
welded joints, decrease overall weight, improve surface quality, and enhance mechanical strength [5,6]. Despite these benefits,
hydroforming is highly sensitive to process parameters, and improper control may lead to defects such as buckling, wrinkling,
excessive thinning, and the development of undesirable residual stresses [7,8]. Therefore, optimizing forming conditions and
understanding deformation mechanisms are essential for achieving high-quality products.

Several studies have explored the hydroforming behavior of double-walled tubes. Olabi and Alaswad [9] exami the
deformation characteristics of a bi-layer tube with a soft copper inner wall and a harder brass outer layer. ?hei{exp}riments
demonstrated that the combined effect of internal pressure and axial feed significantly improves duc another
investigation, Eraslan et al. [10] compared the hydroforming response of single-layer and double-layer tubegMimden’identical test
conditions. They used high-purity copper tubes as single-walled specimens, annealed prior to formingy, and evaluated the
influence of different loading paths through numerical simulations similar to Ref. [9]. Their results e ized the importance
of pressure—feed interaction in controlling deformation. Feng et al. [11] further advanced yn g of multilayer tube
hydroforming by optimizing process parameters for forming double-layer Y-shaped tubes &1 parallel punch system.
They analyzed key variables such as internal pressure, axial feed, backward displacement of th h, and friction coefficient.
By examining thinning behavior and contact area evolution, they established optimal loading paths and demonstrated strong
agreement between simulation and experimental results, with a maximum deviatign o 5%. This confirms the feasibility
and accuracy of systematic optimization approaches in multilayer tube hydroformin

In the present research, the focus is on evaluating how interface morphology inﬂﬁi e mechanical behavior and interfacial
integrity of double-walled tubes composed of ST52 steel (outer tube) and GG@ iton (inner tube). These tubes were initially

bs

joined using external pressure, and their interfacial characteristics were ently examined after undergoing a slight

hydroforming deformation process, designed to produce steel—cast-iron rigal tubes. The goal is to assess how deformation-

induced microstructural features such as intermetallic layer formﬁt interface waviness affect interfacial stability and
‘s%y

integrity. To clarify the methodology, slight hydroforming in t refers to a localized, low-pressure variant of tube
hydroforming used specifically for joining double-walled tubes rather than shaping their global geometry. In this process, internal
pressure is deliberately limited so that only local radial pl tion occurs at the ST52/GGG70 interface while the overall
tube dimensions remain unchanged. This localized defo onypromotes the formation of a wavy, mechanically interlocked
interface, contrasting with conventional high-pressure hydreferming aimed at full-tube forming and thickness tailoring. This
deformation-assisted joining strategy is consistent with recent developments in plastic-based joining methods for thin-walled
metallic tubes, where controlled local deformatioffissintentionally used to create mechanical interlocking as an alternative to

fusion welding. w

2. Materials and Methods

2.1. Materials and Forming Syst,

The objective of this work is slight hydroforming process to a double-layer tube composed of ST52 steel as the outer
layer and GGG70 ductile cast&as the inner layer. Following preliminary evaluations, ST52 and GGG70 were selected due to
their complementary mec 1 properties, while VCN150 steel was used for manufacturing the cylinder and piston components
of the forming system mical composition and mechanical properties of ST52 steel and GGG70 ductile cast iron are
presented in Tables 1 . Owing to the spherical morphology of graphite nodules, ductile cast iron exhibits improved strength,
ductility, toughness) a ear resistance compared with gray cast iron [12,13].

Figure 1 illustrafes the laboratory setup used for the slight hydroforming of double-walled tubes. A hydraulic jack, commonly
referred to a§ a concrete breaker, was employed as the primary forming system. The setup consists of a hydraulic electro-pump,
i s, a restraint system, a feeding unit, a work table, and a control module. The applied forming load was generated
1, with its rotational speed regulated through a PLC-based control unit. The load values displayed by the machine
(ton-fafce) were subsequently converted to the corresponding equivalent internal pressure (MPa) using a piston diameter of 60
mm fopphysical interpretation and discussion.

In this study, slight hydroforming refers to a localized, low-pressure variant of conventional hydroforming in which deformation
is intentionally restricted to the interfacial region of the tube. Unlike full-forming hydroforming processes that aim to shape the
entire component, slight hydroforming applies a controlled radial plastic deformation at the ST52/GGG70 interface while
preserving the global geometry of the tube. This localized deformation promotes the formation of a wavy, mechanically
interlocked interface, which is beneficial for interfacial stability. Accordingly, the applied forming load levels were deliberately
limited to promote interfacial plasticity without inducing macroscopic geometric changes.

The purpose of the experimental program was to optimize the slight hydroforming parameters to achieve the maximum reduction
in diameter (D1). For this purpose, a response surface methodology (RSM) based on a Box—Behnken design [14] was employed
to evaluate the influence of three primary factors: (i) applied forming load, (ii) forming temperature, and (iii) Nano-Al.Os
concentration in the working fluid. To enhance lubrication during forming, Nano-Al.Os particles were added to the hydraulic
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fluid. The incorporation of an Al-Os-based nanofluid improves lubricating and load-carrying capacity through the formation of
tribo-films and a micro-bearing effect induced by the nanoparticles. These mechanisms are known to reduce friction and wear,
stabilize plastic flow, and improve surface quality in metal forming operations. In the context of slight hydroforming, reduced
friction directly influences the transmission of radial pressure and interfacial shear stress at the ST52/GGG70 interface.
Consequently, the nanofluid indirectly affects both the magnitude of diameter reduction (D1) and the resulting interfacial
morphology by promoting more uniform radial deformation and a more stable interface.

For microstructural characterization, the influence of the initial interface morphology on the deformation behavior was examined
using optical microscopy (OM). After sectioning, the samples were prepared following standard metallographic procedures. The
cross-sections were mounted, sequentially ground using SiC papers from grit 120 to 5000, and finally polished using 1 um and
0.25 pm diamond pastes. Optical microscopy was then performed to examine interfacial features including waviness,
intermetallic layer morphology, and local deformation characteristics. Z

3. Experimental test Using Box-Behnken design Model o ‘ )

; however,
iént alternative
e techniques, the
ace models without
a'Box—Behnken design is

Conventional trial-and-error approaches have long been used to evaluate forming behavior and process per
such methods are time-consuming and costly. Statistical design of experiments (DoE) techniques provide
by enabling the identification of optimal process conditions using a limited number of experiments. A
Box—Behnken design (BBD) is widely employed due to its capability to develop second-order resp

requiring extreme combinations of process parameters. The total number of experiments requiredyi
given by Eq. (1): x

N =2K (K -1)+¢, . (b' &)

where N is the total number of experiments, K represents the number of factor: & denotes the number of replications at the
central point of the design [15,16]. The general form of the quadratic respo@ace model used in this study is expressed by

Eq. (2): @

Y =bo+gbixi+ik§bnxf+iibuxix@\

i=1j>1

G, and by are the linear, quadratic, and interaction coefficients,
represents the experimental error.
nd optimize the slight hydroforming parameters in order to achieve the
ctors were selected as continuous independent variables: (i) applied

@

where Y is the predicted response, by is the intercept, bi,
respectively, x; and x; denote the coded variables, and

The objective of this experimental design was to o
maximum reduction in diameter (D1). Th%ary

forming load, (ii) forming temperaturesand (iii 0-Al20s concentration in the working fluid. To estimate pure error and assess
model adequacy, three replications wergfperformed at the central point of the design. The coded and actual levels of the selected
factors are summarized in Table 3, whi omplete experimental matrix generated using the Box—Behnken design is presented
in Table 4.

(ton-force). For physical int tion and consistency with hydroforming literature, the corresponding equivalent internal

pressure values (MPa) arg % ed throughout the manuscript.

The selected range of 18gd.forming load was determined based on preliminary forming trials. The lower load level corresponds

to the onset of measu%a plastic deformation in the double-walled tube, whereas the upper level approaches the threshold
inning or instability may occur. The forming temperature range of 25-75 °C was chosen to provide

beyond which lo,
moderate ther:a ning of both ST52 steel and GGG70 ductile cast iron while avoiding microstructural phase transformations

The statistical modeling and % ng in Design-Expert software were based on the machine-displayed forming load levels
t

O

or thermal degradation.
concentration range of 0—10 wt.% was established based on preliminary dispersion and stability tests, which

: higher nanoparticle concentrations led to agglomeration and sedimentation. Within this range, the nanofluid
ined sufficiently stable over the duration of the experiments and enabled the potential nonlinear effects of nanoparticle
content’on lubrication and deformation behavior to be effectively captured by the Box—Behnken design.

4. Results and discussion

4.1. Diameter Reduction Response under Slight Hydroforming

In this study, double-walled tubular specimens composed of an outer ST52 steel layer and an inner GGG70 ductile cast iron layer
was assembled and subjected to a slight hydroforming deformation process. The primary objective of this stage was to evaluate
the feasibility of achieving a controlled and uniform radial contraction along the tube length through localized deformation,
which is a critical requirement for deformation-assisted joining of double-layer tubular components.

During the slight hydroforming process, the applied forming load is transmitted hydrostatically through the working fluid,
generating a nearly uniform radial contact pressure at the tube interface. The piston load is transferred to the outer ST52 layer
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and subsequently distributed across the ST52/GGG70 interface, resulting in controlled radial plastic deformation. The greatest
reduction in diameter (D1) was selected as the primary quantitative response for assessing deformation intensity and uniformity.
The experimental values of D1 obtained for all Box—Behnken runs are summarized in Table 5.

4.2. RSM-Based Optimization of Diameter Reduction

A Box—Behnken response surface methodology (RSM) was employed to investigate and optimize the influence of applied
forming load, forming temperature, and Nano-Al-Os concentration in the hydraulic fluid on the greatest reduction in diameter
(D1). A second-order polynomial model was initially developed to capture the linear, interaction, and quadratic effects of the
selected parameters. The statistical adequacy of the fitted models was evaluated through sequential model testing, as summarized
in Table 6.

Among the tested models, the quadratic model was identified as the most appropriate representation of the experimental data,
exhibiting a high adjusted coefficient of determination and a non-significant lack-of-fit. This indicates that the select%iel
sufficiently captures the underlying relationship between the process parameters and the deformation respon i the
investigated design space. e

The corrected analysis of variance (ANOVA) results are presented in Table 7. After eliminating statistically inwcant terms,
all remaining model coefficients exhibited P-values below 0.05, confirming their significance. The high “value (78.35)
further demonstrates the robustness of the developed model. Interaction between forming tempggat nd Nano-AlOs
concentration (BC), as well as the quadratic terms of applied forming load (A% and tempera @ were identified as
significant contributors to the response.

Based on the corrected ANOVA, the reduced quadratic regression model expressed in code iablegris given by Eq. (3):

2 2 3
D 1=+58.53—O.5687A —0.1875B —0.2513C —-0.24AB —0.14SBC.+ A +0.11218 3)

The high coefficient of determination (R? = 0.9874), in conjunction with the clo%}nent between the adjusted R? (0.9748)
and predicted R? (0.9393), confirms the excellent predictive capability of th > In addition, the Adeq Precision value of
26.675 significantly exceeds the recommended minimum value of 4, indica@worable signal-to-noise ratio and validating
the suitability of the model for navigating the design space (Table 8).

The adequacy of the developed RSM model was further a sihg diagnostic plots, including normal probability plots of
s, and Box—Cox transformation plots (Figure 2). The close
systematic patterns indicate normally distributed residuals and

4.2.1. Model Diagnostics and Response Surface Analysis ﬂ@l\«
u

The combined effects of the input parameters on the| diameter reduction response are illustrated through three-dimensional
response surface and two-dimensional contour plofs re 3). These plots provide a clear visualization of parameter interactions
and nonlinear trends, enabling identificatiog egighs associated with maximum deformation response. Standard error
distributions, derived from the mean squared residual error obtained through ANOVA, were also incorporated to assess prediction
cheonsistency of contour shapes and the controlled dispersion of standard error further

uncertainty across the factor space.
support the statistical reliability of the @\ odel.

Perturbation plots (Figure 4) highl relative sensitivity of D1 to variations in each input parameter. The applied forming
load exhibits the steepest slog‘i icating its dominant influence on diameter reduction, followed by forming temperature and

Nano-Al20s concentration. ots of D1 (Figure 5) further corroborate the ANOVA findings, confirming the relative
contribution of each factg 1@ e deformation response.

Figure 5 shows box plots fogtht greatest reduction in diameter. The box plots all confirmed the results of the all parameter effect
on the response in F-
In the Box—Beh

en, each factor is coded at three levels (—1, 0, and +1). These coded values represent the low, medium,
and high setti ach parameter involved in the experiment. In multi-response optimization, each objective can be assigned
a specific w@reﬂecting its relative importance. Design-Expert uses an importance scale ranging from 1 (+) to 5 (+++++),

evel set to +++. In this study, the main response of interest the greatest reduction in diameter (D1) was assigned
portance level (+++++) to ensure that the optimization process prioritized this parameter above others.

idual goals into a single global desirability function. Optimization begins from randomly selected points within the
design space and proceeds toward the region of steepest ascent. Because nonlinear response surfaces may contain multiple local
optima, starting from multiple locations increases the likelihood of identifying the true global optimum. Graphical tools including
contour plots, 3D surface plots, and perturbation plots further assist in exploring the behavior of the desirability function within
the experimental domain. For each individual response, a desirability value d; is defined, ranging from 0 (completely undesirable)
to 1 (fully desirable). Each response must be assigned a target type, which can be set to None, Maximum, Minimum, Target, or
Range. The overall desirability D(X) is calculated as the geometric mean of the individual desirability's, as shown in Eq. (4):



L “)

n n
D-d.d,d)=(I1d;)

1=1

where n is the number of responses considered. If any individual desirability equals zero (i.e., the response falls outside its
acceptable range), the overall desirability becomes zero, indicating an unacceptable solution. In this study, desirability
optimization was applied to determine the optimal slight hydroforming parameters. The final desirability function used for
simultaneous optimization is expressed as Eq. (5):

o-(I1d ) ) >
¢

[
Figure 6 presents the optimization results obtained from Design-Expert software for the single response D1. ding to the
Box—Behnken design, the optimal process parameters were identified as: pressure = 146.604 tons, temperaturéys. 73.10 °C, and
n eter (D1) was

Nano-Al:Os concentration = 5.5636 wt.%. Under these optimized conditions, the greatest reductiom, in“gi
predicted to be 57.9877 mm, representing the most favorable deformation state for the slight hyd c@\g of ST52/GGG70
double-walled tubes. &

4.2.2. Optimization validation

To validate the statistical optimization results, confirmatory experiments were conducted at th¢ identified optimal parameter
combination. The experimental and predicted values of the greatest reduction in dimet%ompared in Table 9. The deviation
between the predicted and experimentally measured D1 values was below 5%, { w good agreement and confirming the
reliability of the developed RSM model and optimization strategy. K

4.3. OM microscopy of the interface in the double-walled ST52/GGG7
It should be noted that the OM and SEM observations presented in Fi and 8 were obtained from specimens produced
under the optimal parameter combination identified through the nken optimization (Table 9). Consequently, the
observed interfacial morphology characterized by a wavy inter?@&panied by a thin and partly discontinuous intermetallic

>

layer represents the microstructural manifestation of the tion state that maximizes the greatest reduction in diameter
(D1). The development of this favorable interfacial m 1s strongly governed by the applied forming parameters.
Increasing the applied forming load intensifies both the normal gontact pressure and interfacial shear stress at the ST52/GGG70
interface, promoting the formation of a pronounced wavy géometry and enhancing mechanical interlocking between the two
layers. Forming temperature primarily influences diffusion kinetics at the interface and thus controls the thickness and continuity
of the intermetallic layer. While elevated temperatures*facilitate intermetallic formation, excessive growth and continuity of this
brittle layer increase crack susceptibility an%m mise interfacial integrity. The optimized combination of forming load,
temperature, and Nano-ALOs concentsation thegefore yields a balanced morphology consisting of (i) a well-developed wavy
interface and (ii) a thin, segmented intgmetallic layer features that are widely reported to enhance crack arrest capability and
interfacial toughness in multi-material{joints’

During the slight hydroforming prgCess, ¥ocal stress heterogeneities can amplify pre-existing microstructural imperfections at or
near the interface. To assess nce of intermetallic layer morphology on joint integrity, two representative interfacial
conditions were examined: &biting a thin and discontinuous intermetallic layer and another characterized by a thicker and
more continuous layer (Fi 7a-b). In the former case, the intermetallic layer thickness ranged between approximately 5 and
10 um (Figures 7c—d) ared only in isolated regions along the interface. No evidence of early-stage interfacial cracking
was observed under@ corditions. SEM observations of specimens subjected to slight hydroforming under optimized
parameters are s igure 8. Both the ST52 steel and GGG70 ductile cast iron layers experienced uniform deformation and
remained me y bonded despite the presence of local intermetallic regions. The discontinuous nature of the intermetallic
layer effectifely inhibited continuous crack propagation along the interface. Instead, only short, vertically oriented microcracks
wereyabserv ithin the intermetallic phase, reflecting its inherently brittle behavior. These cracks did not propagate into either
due to the ductility of ST52 steel and the geometric constraint imposed by the wavy interface.

In confrast, specimens containing a thicker and more continuous intermetallic layer exhibited a markedly different crack
propagation behavior. During the final stages of deformation, microcracks formed within the continuous intermetallic film
coalesced, ultimately leading to localized interfacial failure. The combined effects of brittleness and continuity promoted crack
initiation and accelerated crack growth, particularly near the frontal regions of the interfacial waves where stress concentrations
are highest. Nevertheless, crack propagation remained largely confined to the intermetallic layer and did not penetrate the
adjacent ST52 or GGG70 layers.

A key outcome of these observations is the critical role of interface waviness in inhibiting crack propagation. Each interfacial
wave acts as an individual barrier, forcing cracks to arrest or deflect rather than propagate along a continuous path. As a result,
only small and isolated cracks develop within the intermetallic layer, preventing interfacial debonding. Taken together, the OM
and SEM results confirm that the optimized slight hydroforming process produces a favorable interfacial morphology that
enhances joint stability by combining mechanical interlocking with controlled intermetallic layer formation, rather than
degrading interfacial integrity.




5. Conclusions

This study demonstrates that slight hydroforming can be effectively employed as a deformation-assisted joining technique for
double-walled ST52/GGG70 tubular components when the process parameters are properly optimized. Unlike conventional tube
hydroforming, the process was deliberately applied to induce controlled local plastic deformation at the interface, enabling
mechanical interlocking without altering the global tube geometry. Using a Box—Behnken response surface methodology (RSM),
the applied forming load, forming temperature, and Nano-Al:Os concentration in the working fluid were systematically optimized
to maximize the greatest reduction in diameter (D1), which serves as an indirect indicator of deformation intensity and uniformity
at the interface. The optimal conditions corresponding to an applied forming load of approximately 146 ton-force (=507 MPa
equivalent internal pressure), a temperature of 73.1 °C, and a Nano-Al:Os concentration of 5.56 wt.% resulted in the m

diameter reduction while maintaining dimensional stability. The developed quadratic model exhibited excellent %

capability, as confirmed by high R?, adjusted R?, and predicted R? values. Microstructural 1nvest1gat10ns rev t the
deformation conditions maximizing D1 directly correspond to the formation of a favorable interfacial morpho 0 cterized
by a well-developed wavy interface and a thin, partly discontinuous intermetallic layer. This morphology pl %‘tlcal role in
joint integrity: interface waviness enhances mechanical interlocking and promotes crack deflection, whilelthe\diScontinuity of
the intermetallic layer prevents the formation of continuous brittle paths that would otherwise accelerate propagation. In
contrast, regions exhibiting thicker and more continuous intermetallic layers showed a higher tenden @. icrocrack initiation
and growth during deformation. In addition, the incorporation of Nano-AlOs into the working flui buted to a more stable
deformation regime by reducing friction and stress localization, leading to smoother respo faces and a more regular
interfacial waviness under optimized conditions. Overall, the results confirm that optimized Skght hydroforming not only
improves the forming response but also produces a crack-resistant and mechanically robust interface. These findings highlight
the potential of slight hydroforming as a reliable alternative or complement to weﬂi'ng@ining dissimilar-material, double-

ﬁﬁ JNI

walled tubular structures in applications where structural integrity and durability
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Table 2: Mechanical properties of ST52 steel and GGG70 cast iron materials used

Mechanical properties Unit Outer wall (ST52 steel) Internal wall (GGG70 cast iron)
Density g/em? 7.8 7.2
Young's modulus GPa 210 167
Poisson's ratio -- 0.3 0.27
Yield stress MPa 235 250
Tensile strength MPa 370 400

Plastic strain at the point of failure -- 0.25 0.25
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Figure 1: Laboratory equipment used in double-walled tubes of ST52 steel and GGG70 cast iron under external pressure by
slight hydroforming deformation process along with process schematic

Table 3. Upper anwvel of factors in terms of coded and uncoded symbols

NO Welding Units Symbols Range
Parameters Low Medium High
1 Force Ton A 50 100 150
2 Temperature °C B 25 50 75
3 Nano-AI203 percentage in fluid % C 0 5 10

Table 4. DoE using Box-Behnken design model

z
=]

@ Input parameters
O Force Temperature ~ Nano-Al203 percentage in fluid

15 1 100 50 5
Q 6 2 150 50 0
4 3 150 75 5
11 4 100 25 10
3 5 50 75 5
9 6 100 25
7 7 50 50 10
8 8 150 50 10
1 9 50 25 5
2 10 150 25 5
13 11 100 50 5
10 12 100 75 0
12 13 100 75 10
14 14 100 50 5
5 15 50 50




Table 5: Results obtained from experimental tests

Std Run Response
Greatest reduction in diameter (D1) mm
15 1 58.52
6 2 58.44
4 3 58.08
11 4 58.73
3 5 59.6
9 6 58.92
7 7 59.15
8 8 58.08
1 9 59.48 (b
2 10 58.92
13 11 58.58 g
10 12 58.82 N
12 13 58.05
14 14 58.56
5 15 59.84 (b
Table 6: Model summary statistics of responses ,‘ ({
Source Sequential Lack of Fit Adjusted R? Predicted R?
p-value p-value
Linear 0.0004 0.0096 0.7376 0.5964
2F1 0.2428 0.0104 0.7799 0.4898
Quadratic 0.0007 0.1227 0.9853 _T _ 0.9219 Suggested
Cubic 0.1227 0.9969 \ Aliased
)4
Table 7: ANOVA for Redu€ed @ﬁc model
Source Sum of Squares  df Mean Square F-value p-value
Model 4.20 7 _ 05995 78.35 <0.0001 significant
A-Pressure 2.59 1 2.59 338.17 <0.0001
B-Temperature 0.2812 1 0.2812 36.75 0.0005
C-Nano-Al203 percentage ) 55 | 0.5050 6599  <0.0001
in fluid
e
AB 0.2304 11 0.2304 30.11 0.0009
BC 0.0841 1 0.0841 10.99 0.0129
A? 0.4803 s 1 0.4803 62.77 <0.0001
B? 0.0467 1 0.0467 6.10 0.0428
Residual 0.0536 7 0.0077
Lack of Fit 0.0517 5 0.0103 11.08 0.0849 not significant
Pure Error \ 0.0019 2 0.0009
Cor Total 4.25 14

Y
QQ

Table 8: Fit statistics and Adeq precision measures of response

Std. Dev. 0.0875 R? 0.9874
Mean 58.78 Adjusted R? 0.9748
CV.% 0.1488 Predicted R? 0.9393

Adeq Precision 26.6750
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Figure 6: Results of optimization

Table 9: Validation of optimal results

Row Pressure Temperature Nano-Al203 Greatest reduction in
percentage in fluid diameter (D1)
Optimal results 146.604 73.10 5.5636 57.9877
Validation results 146 73 5.6 58.02
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a) b)

Figure 7: OM image of Interface double-walled ST52/GGG70 tube of slight hyd formit@ deformation process

Figure 8: SEW Interface double-walled ST52/GGG70 tube of slight hydroforming deformation process
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