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This study evaluates the application of a new solid state joining process referred to as

hybrid friction diffusion bonding. Based on heat processing and pressure, accelerated dif-

fusion joins the materials. In the present study, two aluminum alloys were welded and

characterized using leak tightness tests, tensile pull out tests, and metallographic analy-

sis. Response surface methodology was used to optimize the tensile strength of single-hole

tube-sheet samples. A Box–Behnken design was selected to evaluate the relations between

the  important process parameters and the ultimate tensile strength response to obtain opti-

mal welding parameters. The data were analyzed with analysis of variance and were fitted

to  a second-order polynomial equation. The three-dimensional response surfaces derived

from the mathematical models were applied to determine several optimum input param-

eters conditions. Under these conditions, the experimental ultimate tensile strength value

was  202 MPa, which represents 95% of the base material strength. The experimental results

obtained under optimum operating conditions were in agreement with the predicted values.

Axial force was found to be the most significant factor affecting the joint strength followed

by  rotational speed. This can be attributed to their influence on the amount of mechanical

energy introduced during the process, which is the parameter that primarily determines the

joint strength.
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1.  Introduction

The coil-wound heat exchanger (CWHE) is central and criti-
cal to the operations of the liquefied natural gas (LNG) plant,
where natural gas is liquefied and subcooled. Since the early
days of LNG, CWHE technology has continued to evolve in
order to meet industrial requirements. One of the challenges
during the manufacturing of the CWHE refers to the joints
between the tubes and the tube sheets, which seal the LNG
from the environment. Each tube sheet in industrial heat
exchangers contains hundreds of holes, depending on the
size of the respective unit, into which tubes are welded, e.g.,
by tungsten inert gas (TIG) welding. Challenges in the man-
ufacturing of these complex components with the use of
conventional joining techniques include the low-permissible
tolerances, limited possibilities of automation, the risk of pore
formation, or welding defects leading to leakage. New tech-
nologies, which are less labor-intensive and time consuming,
are sought to address these challenges. Hybrid friction dif-
fusion bonding (HFDB) is an innovative technology, and its
feasibility in producing tube-to-tube sheet joints of excep-
tional quality has already been shown in previous publications
[1]. In the current work, the process parameters of HFDB
for CWHE from 5000 series aluminum alloys were optimized
based on the statistical design of experiments. Furthermore,
the significance of the main process parameters on the
achieved joint strength was evaluated using analysis of vari-
ance (ANOVA), and was correlated with process temperatures
and the energy input into the weld region. The aim of this work
is to gain a deeper understanding of the mechanisms deter-
mining the joint formation and strength, in order to advance
the applicability of this promising technology.

HFDB process was developed and patented at the German
research center Helmholtz Zentrum Geesthacht, and was first
described by Roos [2,3]. This process combines the advantages
of diffusion bonding and friction welding. The new method
was initially developed for producing joints with dissimilar
overlaps and butt joint connections of thin sheets, and for join-
ing thin sheets onto substrates. Further information regarding
the standard process can be found in the work of Roos [2]

and Bergmann et al. [4]. A variant of the standard process was
developed for joining tubes and tube-sheets for the manufac-
turing of heat exchangers [1,5].

Fig. 1 – Schematic illustration of an HFDB too
2 0 1 9;8(2):1701–1711

Fig. 1 schematically shows the basic design of an HFDB tool
for CWHE applications. The effective contact area of the tool
consists of a planar friction area (PFA) and a conical friction
area (CFA). The tools may have a spiral feature at the planar
friction area to facilitate material flow. For example, it is pos-
sible to vary both the diameter of the planar friction area as
well as the angle of the conical friction area. For the work at
hand, the tool material is a hot working tool steel.

In the execution of this process, the tool is rotated at a
speed of n (min−1). An axial force F (kN) is then applied. Fig. 2
illustrates the division of the bonding process into two main
stages. During the insertion phase, initially only the conical
friction area of the rotating tool is in contact with the inner
surface of the tube, as indicated by Fig. 2b. The resulting fric-
tion generates heat and shear stresses, and the tube material
in contact with the tool begins to undergo plastic shear defor-
mation in the circumferential direction. Moreover, the conical
friction area of the tool, which has a larger diameter than the
inner diameter of the tube, exerts radial pressure onto the
inner wall of the tube, thus resulting in plastic deformation
and the transfer of the pressure onto the inner surface of the
tube-sheet bore.

Subsequently, during the welding phase, both the planar
and conical friction areas are in contact with the workpiece,
as shown in Fig. 2c. Full contact between the tool and the
workpiece generates an increased amount of heat, which in
combination with the applied pressure joins the tube and the
tube sheet based on the diffusion processes in the contact
zone. It has been shown by Dethlefs [1] and Roos et al. [6]
that the thermal softening and plastic material flow of both
the tube material interacting with the conical friction area,
and the tube-sheet material close to the planar friction area,
result in dynamic recrystallization. The state of the material
with which it reaches during the HFDB process is referred to
as “plasticized.” Finally, the rotating tool is withdrawn after a
preset welding time.

The Box–Behnken design (BBD) was first proposed by Box
and Behnken [7] and became a useful design for experi-
ments conducted with the response surface methodology
(RSM) for industrial process development and optimization,
l for joining CWHE tubes to tube sheets.

as well as product design. BBD is a convenient method used
for developing second-order response surface models [7,8].
BBD constitute an alternative to central composite designs.
They are a class of rotatable or nearly rotatable second-order
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Fig. 2 – Schematic drawing showing the HFDB for CWHE
application. (a) Pre-positioning and rotating of the tool, (b)
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were left in an ultrasonic bath for 5 min. In addition, a pneu-
nsertion phase and (c) welding phase.

esigns based on three-level incomplete factorial designs.
ore information on the properties of BBD can be found in the

iterature [7,9,10]. The use of BBD is widespread in industrial
esearch because of its cost-effectiveness, since it requires
nly three levels for each factor. Another advantage is that

t does not contain combinations where all the factors are in
he highest or lowest levels. In that way, the experiments are
ot performed under extreme conditions.

One of the main objectives of the BBD method is the deter-
ination of the optimum settings of the controlled factors

hat result in a maximum (or minimum) response over the
xperimented region. To achieve this, it is required that the
roposed model has a good fit with the experimental values.
NOVA is a statistical tool used to test the equality of several
opulation means, i.e., it investigates the degrees of differ-
nces or similarities between two, or among more  groups of
ata. It employs sum-of-squares and F-statistics to predict the
t of the model and to discover the significance of each fac-
or in regard to the elicited response. As the last step, fitting

 second-order model to the response variable(s) of interest
s an integral aspect of RSM. The method of least-squares is
ypically utilized to estimate the regression coefficients [9,11].

Modeling is typically conducted by fitting simple models
linear or quadratic, as a rule) to response values obtained
rom standard or augmented factorial designs. The use of
ell-structured optimization procedures to improve a certain

rocess serves to reduce time and the number of experiments
eeded. A search for significant effects related to the vari-
us factors on quality parameters is demanding, and in this

Table 1 – Base material chemical composition.

Material Mg [%] Fe [%] Si [%

AA 5XXX tube and tube sheet 1.6–4.9 0.4–0.5 ≤0.4
 9;8(2):1701–1711 1703

context, the BBD used to study three independent variables
followed by RSM, is a tool that helps estimate the influences
of variables on the process. Furthermore, these tools are useful
to optimize the process conditions (i.e., torque, temperature,
energy input, etc.) in order to obtain an improved (variable
response) product or process.

2.  Experimental  procedure

For this work, base materials (BMs) for the CWHE HFDB sam-
ples consisted of two dissimilar alloys from the aluminum
5000 series. The 5000 series aluminum alloys contain magne-
sium as the main alloy element, and both types of materials
have been used for cryogenic applications in pressure vessels
according to the AD2000 standard [12]. The main properties of
the 5000 series aluminum alloys are moderate strength, good
weldability, and good corrosion resistance. The composition
range of both 5000 series aluminum alloys used in this work
is shown in Table 1.

For the characterization of the BM strength, five tubes were
subjected to tensile tests. Plugs were inserted into the ends of
the tubes to prevent them from collapsing under the clamping
force. The average of the tensile strength of the base material
was considered as the base material strength for the remain-
der experiments of this study. The average value of the BM
tensile fracture force was 10.2 kN with a standard deviation
of 261 N (2.6%). To calculate the tensile strength, the cross-
section of the tube was considered as the effective area, which
resulted in a ultimate tensile strength (UTS) value for the BM
tubes of 211 MPa. According to the AD2000 standard [12], the
minimal value of the UTS for the tube is 180 MPa.  Correspond-
ingly, elicited results show that the measured values for the
material used to conduct the HFDB experiments was in accor-
dance to the standard’s requirements.

As previously described, for industrial applications, a single
tube sheet may contain hundreds of tube holes. For under-
standing the process as well as the behavior of the welds
carried out during the parameter tests, single-hole tube sheet
dummies were used. This is cost effective as well as time
saving for an experimental study. A schematic sketch of the
dimensions of both the tube sheet dummies as well as the
tubes for HFDB of the CWHE is shown in Fig. 3. To facilitate
the integration into the clamping system, the length of the
tubes was 180 mm.

All samples were thoroughly cleaned before each exper-
iment. The cleaning procedure consisted of grinding the
welding area with SiC grinding paper with ISO grit size of
800. Subsequently, the samples were immersed in acetone and
matic tool was used to expand the tubes into the tube sheets
after the sample was mounted, thus improving the initial con-
tact between the tube and the tube-sheet dummy.

] Ti [%] Mn [%] Cu [%] Al [%]

 0.1–0.15 0.4–1.1 ≤0.1 92.4–97.9
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Fig. 3 – Drawings of single hole tube sheet dummy and t

Table 2 – HFDB CWHE process parameters; natural and
coded levels.

Factor Level

Independent variables Notation −1 (low) 0 (center) +1 (high)

Rotational speed [min−1] RS 1000 1500 2000

Axial force [kN] AF 2 2.5 3
Process time [s] PT 30 35 40

The three factors were evaluated in this study based on the
Box–Behnken design, i.e., rotational speed (RS in min−1), axial
force (AF in kN), and process time (PT in seconds) were varied
based on previously executed process feasibility studies [1,2,6].
Table 2 shows each analyzed factor as well as the evaluated
levels.

3.  Characterization

To measure the leak tightness of the joints, a bubble test appa-
ratus in accordance with DIN EN 1593 (1999–11) was used [13].
To perform this test, the free end of the tube was sealed with a
plug, and the flange of the welded sample was clamped onto
the pressure cylinder. The pressure cylinder and the inner vol-
ume  of the welded sample were then pressurized to 300 kPa.
When the sample was pressurized, a test fluid was sprayed
onto the welded zone. According to the standard, the leakage
rate can be estimated from the size and number of bubbles
per unit time. If no more  than one bubble with a diameter of
1 mm appears at every 10 s, the sample is considered leak tight

−6
in the welded area up to a leak rate of 10 kPa l/s.
For metallographic examination, transverse sections of the

welded samples were cut, ground, and polished. All samples
used for the optical microscopic analyses were prepared
ube geometries for investigation of HFDB in CWHE.

following a standard metallographic procedure for aluminum
preparation. The samples were then electrolytically etched
with Barker’s solution at 30 V for 150 s. The analyses were
carried out with polarized light using an Olympus PMG 3
optical microscope.

To determine the quasistatic mechanical performance of
the welded CWHE HFDB samples, tensile pull out tests were
performed on a Zwick 1734 universal testing machine. Fig. 4
shows a schematic depiction of the tensile test. The welded
samples were fixed on special clamping jaws designed for
cylindrical workpieces. A cylindrical plug was inserted into the
open end of the tube to stiffen the tube against the clamping
forces and to avoid the distortion of the tube. The tensile pull
out rate imposed during the test was 1 mm/min.

The temperature of the process was measured with K-
type thermocouples with a diameter of 0.5 mm positioned as
close as possible to the joining area. The position of the ther-
mocouples is shown schematically in Fig. 5. The holes with
a diameter of approximately 0.5 mm were manufactured by
spark erosion drilling. During the HFDB experiments, a high-
conductivity thermal compound was used to enable a better
contact, thus ensuring precise temperature measurements.

4.  Results  and  discussion

The fifteen required experiments for the BBD analysis were
performed and Fig. 6 shows a set of three samples welded
by HFDB. As can be seen, the different input parameters for
each experiment influences the flash geometry of the weld-

ments. Posteriorly, all welded samples underwent the bubble
leak tightness test and no bubbles were observed. Thus, the
samples were considered leak tight with an estimated leakage
rate of at most 10−6 kPa l/s. Leak rate is considered the most
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Fig. 4 – Schematic setup for tensile pull-out tests of single hole tube to tube-sheet HFDB joints. The plug prevents tube
collapse during testing.

Fig. 5 – Thermocouples position on the HFDB tube to tube
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heets experiments.

mportant criterion for the CWHE application. This criterion
as achieved and it was not affected by any of the process
arameters under consideration.

For the microstructural characterization, the samples were
olished, etched, and analyzed under polarized light, as pre-
iously described. Fig. 7 shows a typical microstructure of an
FDB tube-to-tube sheet joint. The welded zone can be divided

nto three main areas. The thermo-mechanically affected zone
TMAZ) underwent plastic deformation and high-process tem-
eratures, and can be characterized by the existence of fine
rains owing to dynamic recrystallization. Adjacent to this
one, the heat affected zone (HAZ) is present where only a rise
n temperature occurred and a transition from fine equiaxed

rains (as in the TMAZ) to elongated grains could be observed.
ext to the HAZ, the unaffected BM was located where
o microstructural changes occurred, and where the grains
aintained their elongated shape and the size generated

ig. 6 – Welded samples by HFDB; (a) RS = 1000 s−1, AF = 2 kN, PT 

F = 2.5 kN, PT = 35 s.
during the cold work production phase of the base material
[1,2,14,15].

One of the main advantages of solid state joining processes
is the relatively low-heat input required, which avoid conver-
sion of the state of the materials to a liquid form. The small
HAZ that results can be observed in Fig. 7. It extends to approx-
imately 3–5 mm below the contact area of the tool’s planar
friction area. In addition, the area beside the flash formed dur-
ing the process is not affected, thus showing that the heat
dissipation occurs mainly in the direction of the largest mass
of the sample.

In relation to the tensile test results, the results from the
fifteen runs required for the BBD using three factors as well
as the geometric notation for the design of experiments are
shown in Table 3. The running order was randomized before
the onset of the experiments. The response of the variable UTS
(MPa), was also evaluated, as listed in the table. Table 3 fur-
ther presents the results related to the maximum temperature
and energy input, which will be later discussed in this work.
Failure always occurs in the tubes below the joining area, as
already described in Dethlefs [1] and Roos et al. [6], thus allow-
ing a direct comparison with the BM strength of the tube, as
described in Section 2. It can be observed that the variation in
the UTS of the joints is in a range of 50 MPa,  with two thirds
of the runs resulting in UTS values above 190 MPa, and three
samples reaching values higher than 200 MPa,  which are close
to the BM strength of 211 MPa.

Based on the obtained values, a second-order (or regres-
sion) model for predicting the UTS was devised. To verify the

adequacy of the model, the coefficient of determination R2

was evaluated. The closer this coefficient is to a value of 1,
the better is the adequacy of the model. The R2 value provides

= 35 s; (b) RS = 2000 s−1, AF = 3 kN, PT = 35 s; (a) RS = 1500 s−1,



1706  j m a t e r r e s t e c h n o l . 2 0 1 9;8(2):1701–1711

Fig. 7 – Metallographic cross section showing the different regions of a HFDB CWHE welded specimen.

Table 3 – Design matrix for analysis and results of pull-out tests, maximum temperature and energy input of the
weldments.

Run Standardized coded
factor

Rotational
speed [min−1]

Axial
force [kN]

Process
time [s]

Pull out
stress [MPa]

Maximum
temperature [◦C]

Energy
input [kJ]

1 −1 −1 0 1000 2 35 142 395 56
2 −1 1 0 1000 3 35 178 490 75
3 1 −1 0 2000 2 35 175 520 98
4 1 1 0 2000 3 35 195 568 114
5 0 −1 −1 1500 2 30 156 464 64
6 0 1 −1 1500 3 30 199 490 78
7 0 −1 1 1500 2 40 189 479 82
8 0 1 1 1500 3 40 198 495 108
9 −1 0 −1 1000 2.5 30 190 454 63
10 1 0 −1 2000 2.5 30 199 559 88
11 −1 0  1 1000 2.5 40 190 470 80
12 1 0 1 2000 2.5 40 198 549 114
13 0 0 0 1500 2.5 35 205 508 92

14 0 0 0 1500 2.5 

15 0 0 0 1500 2.5 

a measure of variability in the observed response values and
can be explained by the factors and their interactions. For this
set of experiments, the calculated value of R2 was 0.942. There-
fore, it can be concluded that 94.2% of the observed variability
in tensile strength could be explained by the independent
variables. To further ensure the adequacy of the model it is
possible to compare the observed and the predicted values. In
the diagram in Fig. 8, the predicted values are shown as a line
plot, and the observed values as dots. The closer the observed
values are to the predicted values, the better is the adequacy
of the developed model.

One of the main reasons for performing an ANOVA is to
understand the factors that are more  relevant to the process
and the interactions among them. The criteria followed in
this technique are based on the fact that if the calculated

value of the F-ratio in the regression model is higher com-
pared to the standard value specified on the F-table for the
95% confidence level, the interaction is considered relevant
35 206 506 88
35 204 509 96

and adequate within the confidence limit. To avoid the neces-
sity to compare the F-value calculated with the F-value from
the table, the p-value was analyzed. If the p-value was below
0.05 (i.e., for a 95% confidence level), the interaction was con-
sidered relevant. Table 4 shows the ANOVA results based on
the conducted experiments.

By analyzing the ANOVA (see Table 4), and considering the
Pareto chart (see Fig. 9), the axial force (linear (L) and quadratic
(Q) terms) were found to be significant with a contribution
of 62.8%. By increasing this factor, it is possible to increase
the ultimate tensile pull out strength within the investigated
parameter range. The linear and quadratic terms of the rota-
tional speed (contribution of 22.8%) have a significant effect
on the ultimate tensile pull out strength, while the other fac-
tors and their interactions have no significant effects on the

evaluated response (their total contribution was 10.4%).

A mathematical model known as a regression model char-
acterizes the relationship between the independent variables
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Fig. 8 – Comparison of predicted ultimate tensile pull out
strength with experimental data from HFDB CWHE tube to
tube sheet welds.

Fig. 9 – Pareto chart of standardized effects in CWHE HFDB
o
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Table 5 – Regression coefficients for UTS response of
CWHE HFDB experiments in the studied parameter
window.

Factor Regression coefficient

Constant −837.597
Rotational speed (linear) 20.621 × 10−2

Rotational speed (quadratic) −47.250 × 10−6

Axial force (linear) 580.607
Axial force (quadratic) −81.999
Process time (linear) 5.801
Process time (quadratic) 51.039 × 10−3

Rotational speed × axial force −17.445 × 10−3

−5
f tube to tube sheets; variable: UTS (MPa).

nd the elicited response. Based on the above analysis, it is
ossible to obtain a model to predict the ultimate tensile pull
ut strength over the experimental region.

Furthermore, a regression analysis was performed to fit
he response variable. The resulting second-order polynomial
quation, adjusted at a 95% of confidence level, represents

esponse variables as functions of axial force, rotational speed,
nd process time. Table 5 shows all coefficients of the regres-
ion equation as well as each respective standard error. After

Table 4 – ANOVA table for UTS response showing the values us
regression analysis for the HFDB CWHE tube to tube sheet proc

Factor (source) Sum of squares Degree of freedom Mean s

RS [min−1] (L) 571.516 1 571.516
RS [min−1] (Q) 515.29 1 515.290
AF [kN] (L) 1448.58 1 1448.59
AF [kN] (Q) 1551.66 1 1551.67
PT [s] (L) 131.330 1 131.330
PT [s] (Q) 6.010 1 6.010 

RS (L) by AF (L) 76.090 1 76.090 

RS (L) by PT (L) 0.316 1 0.316 

AF (L) by PT (L) 281.900 1 281.900
Error 275.490 5 55.098
Total sum of squares 4774.06 14
Rotational speed × process time −11.242 × 10
Axial force × process time −3.358

the ANOVA analysis, all factors that did not have relevance to
the model were disregarded. Eq. (1) can express an empirical
relationship between the response and the significant input
test variables.

�̂ = −837.597 + 580.607AF + 20.621 × 10−2RS − 81.999AF2

− 47.250 × 10−6RS2 (1)

where �̂ is the ultimate tensile strength in MPa, AF is the axial
force in kN and RS is the rotational speed in min−1.

Based on the regression equation, the three-dimensional
surface plots for the response in terms of the rotational speed
and axial force of the process variables at different process
times are shown in Figs. 10–12. The process time was kept
constant since it was the process parameter with the least
influence on the response during the experiments. It is rel-
atively easy to notice from examining these figures that the
optimum values are approximately equal to 1700 min−1 and
2.5 kN for a process time of 40 s, and that the response is at its
maximum at this point. From the examination of these plots,
it is clear that the process may be slightly more  sensitive to
changes in the axial force than to changes in rotational speed.

It can be observed that based on the model’s prediction,
response values above 210 MPa are achievable, although none
of the experiments reached such high values. As previously

described, the prediction of the model fits well the measured
values for the calculated regression equation. Owing to the
variance and error of the model, it is not possible to ensure

ed to analyze the relevance of each factor and to define a
ess.

quare F-calculated p-value Effect Contribution (%)

 10.372 0.023 Significant 11.97
 9.352 0.028 Significant 10.79
0 26.291 0.003 Significant 30.34
0 28.162 0.003 Significant 32.50

 2.384 0.183 No-Signif. 2.75
0.109 0.754 No-Signif. 0.13
1.381 0.292 No-Signif. 1.59
0.0057 0.942 No-Signif. 0

 5.116 0.073 No-Signif. 5.90
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Fig. 10 – 3D surface plot for the response in terms of the
process variables rotational speed and axial force for a
process time of 30 s.

Fig. 11 – 3D surface plot for the response in terms of the
process variables rotational speed and axial force for a
process time of 35 s.

Fig. 12 – 3D surface plot for the response in terms of the
process variables rotational speed and axial force for a

Table 6 – CWHE HFDB parameters set chosen for
regression model validation.

Parameter Set 1 Set 2

Rotational speed [min−1] 1600 1500
Axial force [kN] 2.8 3.0

Fig. 13 – Ultimate tensile pull out strength response of the
welded HFDB CWHE samples for validation of the
regression model.
process time of 40 s.

that such results could be achieved, but at least it is shown
that this is the optimized area of the investigated parameter
window.
In addition to the verification based on ANOVA, the regres-
sion model was validated by conducting experiments with
new sets of parameters. The response values were measured
and compared with the prediction of the model shown in the
previous section. The CWHE HFDB process parameters chosen
for validation are presented in Table 6 and arise from Fig. 11. A
process time of 30 s has been chosen in view of the higher effi-
ciency required in industrial applications. For the validation
of the model, three experiments for each set were performed.

The tensile pull out strength results are presented in Fig. 13,
whereby the maximum strength for each parameter set and
its variance for a confidence level of 95% are shown.

The prediction using the regression model is in accordance
to the results from the validation experiments. The predicted
sets for both experimental conditions presented a larger vari-
ance than that elicited by the experiments. Based on the use
of the regression equation it is possible to vary the process
parameters (mainly AF, RS) to estimate the average value of
the response (UTS) and its variance. As expected, small varia-
tions in the elicited results could be observed, but the latter did
not void the robustness of the process. The optimized param-
eter set 1 reached 94% of the BM tensile pull out strength,
while parameter set 2 reached 95%. Irrespective of the range of
scatter for each set, they both yielded the same joint strength.

For a better understanding of the mechanical performance
of the weldments, a correlation between the input parameters
and temperatures with its UTS is necessary. Firstly, as stated
by Roos et al. [6] and Dethlefs [1], the fracture of the weld-
ments occurs in the HAZ of the tubes in an area below the
bonding zone. Both studies suggest notch effects due plastic
deformation developed during the joining as well as the soft-
ening of the material owing to the recovery and grain growth in
the undeformed HAZ as the possible factors that influence the

failure location. The latter would be related to the increased
process temperatures.
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Fig. 14 – Typical temperature curve of a HFDB tube to tube
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Fig. 15 – Maximum process temperatures and resultant UTS

heet showing the four stages of the process.

As shown by the Box–Behnken design analysis, the param-
ters that most influence the mechanical performance of the
eldments are the axial force (62.8%) and rotational speed

22.8%). Thus, it can be concluded that the differences in the
rocess time are too small to significantly affect the softening
ffect of the increased temperatures in the HAZ.

Process temperatures were measured as previously
escribed during all experiments for the BBD and validation

nvestigation. Maximum process temperatures varied from
60 ◦C to 560 ◦C depending on the chosen process parame-
ers. Fig. 14 shows the characteristic temperature curve for
he three samples of the validation set 1. During the advanc-
ng stage (region 1) of the tool, the first cycle of frictional heat
s generated when the conical friction area of the tool touches
he inner part of the tube. When the planar friction area of the
ool touches the tube sheet (region 2), a larger frictional area
s created. In this phase, an abrupt heating effect at tempera-
ures above 400 ◦C is measured. Lastly, a further increase in the
rocess temperature is noted, and an upper temperature limit

s reached (region 3). Heat generation in the HFDB only par-
ially occurs owing to friction. At high temperatures, it can be
ssumed that the main source of heat is viscous dissipation
uring the plastic material flow. Since the shear stress act-

ng on the deforming material decreases as the temperature

ises, the amount of heat produced in the process declines.
o balance this with the heat flowing into the sample and the
urroundings, the temperature attains a constant value. The

Table 7 – ANOVA table for maximum temperature response sho
factor for the HFDB CWHE tube to tube sheet process.

Factor (source) Sum of squares Degree of freedom Mean s

RS [min−1] (L) 18,663.1 1 18,663.1
RS [min−1] (Q) 119.3 1 119.3 

AF [kN] (L) 4250.4 1 4250.4 

AF [kN] (Q) 1479.4 1 1479.4 

PT [s] (L) 80.6 1 80.6 

PT [s] (Q) 98.6 1 98.6 

RS (L) by AF(L) 542.9 1 542.9 

RS (L) by PT (L) 158.8 1 158.8 

AF (L) by PT (L) 23.0 1 23.0 

Error 1308.4 5 261.7
Total sum of squares 26,764.5 14
of the weldments in relation to the base material strength.

tool is then withdrawn and natural cooling takes place (region
4).

Fig. 15 depicts maximum process temperatures and corre-
sponding UTS values of all conducted welds. A trend is visible
that it is necessary to reach a temperature above approxi-
mately 450 ◦C to achieve a weldment with good properties.
With further increases in the process temperature, the scat-
ter of the results decreases and the measured values range
between 90 and 100% of the base material strength. Still, there
is no evident correlation between the process temperature and
weldment strength. For example, welds with a difference in
the maximum temperature by approximately 100 ◦C may vary
by less than 2% in terms of their UTS values when compared
to the base material. Therefore, it can be concluded that high
process temperatures are not detrimental to the joint proper-
ties, and the softening of the HAZ may occur to a comparable
degree for parameter values in the range investigated in the
current study.

Aiming to a better understanding of the temperature devel-
opment during the experiments, and in accordance to the
same procedure as that used for UTS analysis, an ANOVA test
of the maximum achieved temperatures was performed. The
results of the ANOVA test are shown in Table 7. Subsequently,
it is possible to define the parameters that are significant for

the analyzed response. Rotational speed with 70.17% followed
by axial force increases with 21.40% are the parameters that
significantly affect the maximum temperature reached during

wing the values used to analyze the relevance of each

quare F-calculated p-value Effect Contribution (%)

 71.32 0.000 Significant 69.73
0.46 0.530 No-Signif. 0.44
16.24 0.010 Significant 15.88
5.65 0.063 No-Signif. 5.52
0.31 0.603 No-Signif. 0.30
0.38 0.566 No-Signif. 0.37
2.07 0.209 No-Signif. 2.03
0.61 0.471 No-Signif. 0.59
0.09 0.779 No-Signif. 0.09
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Fig. 16 – Typical torque curve of a HFDB tube to tube sheet.
The red line presents the average value of the torque
during the process.

Fig. 17 – Energy input and resultant UTS of the weldments

in relation to the base material strength.

the process. All other parameters or their interactions are
shown to elicit non-significant responses. As already reported
by several authors, the rotational speed is expected to be the
parameter that has the greatest influences on temperature
[16–19].

HFDB, like other thermo-mechanical processes, relies on a
purely mechanical energy input during the welding process. It
is possible to estimate the energy input using Eq. (2). Herein, E
is the energy input in Joule, M̄ is the torque average during the
welding process in N m,  n the rotational speed in Hertz and
�t is the difference between the final and initial process times
in seconds. For the definition of the average value of torque,
the torque curve of the process was acquired and its average
value was calculated in accordance to the load cells present
on the welding system. Fig. 16 shows a typical torque curve of
the process, and the line in red indicates its average value.

E = 2� × n × M̄ × �t (2)

If the energy input is plotted as a function of the strength of
the welds, as shown in Fig. 16, it can be observed that there is a
threshold necessary for achieving a weld with good mechan-

ical properties. Fig. 17 indicates that the best results are in
the range of 80–90 kJ. All validation samples, except one, are
within this window. For energy inputs above this level, no
further increase in UTS was found, and the strength of the
2 0 1 9;8(2):1701–1711

weldments tended to decrease slightly. It is important to note
that this can be concluded only for the window studied in this
work. It can be expected that for significantly larger energy
inputs, there will be softening and grain growth of the material
leading to a decrease in the values of the mechanical proper-
ties of the welds [20–23]. Nevertheless, one feasible and easily
implementable way to control the quality of the weldments,
regarding their strength, is related to the control of the energy
input during the process.

Thus, it is possible to conclude that it is not only the tem-
perature that is necessary to achieve sound welds using HFDB.
Although failure during pull out loading occurs mainly within
the HAZ, the properties of the joint zone itself are obviously
the determining factor for the joint strength. It is necessary
to introduce a certain level of mechanical energy, which in
this case is achieved by the axial force and rotational speed,
as revealed by the BBD analyses. These factors determined
the interaction of the tube and tube-sheet material with the
tool, and in particular the material flow in the circumferential
direction, i.e., the degree of plastic deformation. Although the
axial force is not directly included in Eq. (2), it has a strong
influence on the torque, thereby affecting the energy input.

In comparison to the conventional diffusion bonding pro-
cess, the intense plastic deformation occurring in the welding
region during HFDB provides sufficient energy for the occur-
rence of dynamic recrystallization [16,17,24,25]. The fact that
the welding times in HFDB are significantly shorter than in
conventional diffusion bonding processes is because of the
introduction of lattice defects and the presence of additional
grain boundaries, which can increase diffusion rates. The low
recrystallized grain size in the weld region additionally leads
to good mechanical material properties [26–29]. As previously
shown in the statistical analysis of this study, axial force,
followed by rotational speed, are the major parameters influ-
encing the mechanical performance of the weldments.

5.  Summary  and  conclusions

The BBD and the RSM were applied successfully to the opti-
mization of the joining tubes to tube sheets for CWHE using
HFDB. The following conclusions can be drawn from this
study:

• The mechanical strength of the joints could be estimated
by the application of a second-order regression model. The
proposed regression model yielded a good fit to the experi-
mental data.

• The best results were achieved by applying a rotational
speed of 1500 min−1, an axial force of 3 kN and a process
time of 30 s. This process parameter set achieved an average
of 95% UTSBM.

• All samples were bubble leak tight. The most important cri-
terion for this work was achieved for all process parameters
chosen for this study.
• Axial force represented an influence of almost 63% on the
analyzed ultimate tensile pull out strength followed by the
influence of rotational speed that was approximately 23%.

• Higher axial forces were beneficial to the joint strength.
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 There was no evident correlation between the maxi-
mum process temperature and mechanical performance, as
investigated in this study, although an effect in the soften-
ing of the HAZ must be expected.

 The plastic deformation induced during the process intro-
duced lattice defects and dynamic recrystallization, thus
leading to additional grain boundaries through grain refine-
ments. This facilitated diffusion that is considered to be the
main contribution to the strength of the bonding zone.
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