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ABSTRACT

The evaluation methods used to examine the quality of electrophoresis painting applied to heavy-duty vehicle frames
in the automotive industry are not comprehensive. Therefore, this investigation presents such a method based on the
present manufacturing situation concerning the electrophoresis process for frames, using an evaluation index system
designed for frame electrophoresis quality management. Based on the previous literature, the analytic hierarchy
processand the fuzzy evaluation method are employed in this study for the evaluation. Per the principle of maximum
membership, we assessed the production quality of heavy-duty vehicle frames. The presentation quality was deemed
“average,” while the paint film quality, corrosion resistance was good, and comprehensive evaluation grade were
found to be “good”. Together, these results contribute to the state of the art by facilitating an accurate evaluation of
the quality of vehicle frame electrophoresis, improving the electrophoresis process for heavy-duty vehicle frames.

Keywords: heavy-duty vehicle frame electrophoresis, analytic hierarchy process, fuzzy comprehensive evalua-

tion, quality assessment.

INTRODUCTION

With the rapid development of the global
economy and automobile technology, the manu-
facturing and sales of heavy-duty vehicles are
increasing, leading to higher demands for com-
ponents and promoting the development and
application of new technology, equipment, and
production processes. As the core component of
heavy-duty vehicles, the frame not only connects
to the body, engine, driving system, transmission
system, and other key assembly parts but also
bears the impacts and vibrations associated with
loads, dead weight, and various complex work-
ing conditions [1]. The electrophoretic quality
of the frames is directly related to the reliability
and stability of heavy-duty vehicles. The electro-
phoresis process for heavy-duty vehicle frames
is not only complex, but also requires high stan-
dards. The process flow of heavy-duty vehicle

frames electrophoresis are as follows: pretreat-
ment — mounting — degreasing — water wash-
ing — surface adjustment — phosphating —
water washing — circulating deionized water
immersion — electrophoresis — ultrafiltration
water spraying — deionized water spraying —
electrophoretic paint drying — strong cooling —
offline — inspection [2].

With the continuous improvements in ve-
hicle carrying capacity, requirements regard-
ing the quality of vehicle frame electrophoresis
are increasing, representing not only the surface
quality of the frame but also its performance and
stability. At present, there is limited research and
a single method for evaluating the electrophoretic
quality of heavy-duty vehicle frames. Zhu et al.
proposed a frame electrophoresis quality evalua-
tion based on the fuzzy comprehensive evaluation
method; however, the indicators are too simple
and the evaluation results are not accurate enough
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[3]. Yang al. proposed an evaluation of the qual-
ity of the electrophoretic paint film on vehicle
frames, but the indicator system is not accurate
enough and only evaluates the weight of each
indicator[4]. Zheng. developed a technical index
framework for evaluating the quality of frame
electrophoresis, but did not analyze it in conjunc-
tion with various indicators in the field of frame
electrophoresis quality management[5]. Dai et al.
only studied the effect of production pace on the
quality of frame electrophoresis and did not make
corresponding quality evaluations [6]. Zhu et al.
studied the influence of factors such as PH val-
ue, conductivity, temperature, and voltage on the
quality of frame electrophoresis, and obtained the
relationship between each factor and the quality of
frame electrophoresis; And qualitatively evaluate
the appearance quality and adhesion of the frame
electrophoresis [1]. The electrophoretic quality
of frames is characterized by multiple factors, in-
cluding complexity and fuzziness, making it dif-
ficult to conduct a scientific and objective evalu-
ation through qualitative analysis. Therefore, it is
crucial to select a reasonable evaluation method
to improve the quality of frame electrophoresis. A
comprehensive evaluation of the quality of frame
electrophoresis is beneficial for discovering weak
links in the management process, thus improving
the performance and quality of the frame.

In order to improve the reliability and accura-
cy of electrophoretic quality evaluation of heavy-
duty vehicle frames. In this study, we constructed
an analytical frames based on actual production
conditions. Using the analytic hierarchy process
to determine the weight evaluation indicators for
frames electrophoresis, and combining with the
fuzzy comprehensive evaluation method to com-
prehensively evaluate the quality of frames elec-
trophoresis, in order to identify weak links in the

production management process of framework
electrophoresis quality and make improvements.

MATERIALS AND METHODS

Evaluation system for quality heavy-duty
vehicle frame electrophoresis

When evaluating the quality of vehicle
frame electrophoresis, the selected evaluation
indices must adhere to the principles of system-
atization and hierarchy. Thus, in this study, we
propose a hierarchical model based on the pre-
vious literature and determine the significance
of the relationship based on expert opinions.
This hierarchical model includes three layers —
target, criterion, and indicator — with the crite-
rion layer comprising three criterion sublayers
and the indicator layer comprising nine index
layers. The specific index evaluation system is
detailed in Table 1.

Determination of evaluation system
indicators

Process for determining indicator weights

Determining the weight of each index level
is the first step in a comprehensive evaluation
of the quality of electrophoresis conducted on
heavy-duty vehicle frames. Commonly used
methods to determine index weights include
principal component analysis, hierarchical
analysis, the Delphi method, and the maxi-
mum entropy technical method [7-10]. To
improve the evaluation accuracy, we employ
the hierarchical analysis method to determine
the weights of all indicator levels. The specific
process is as follows:

Table 1. Quality evaluation system for heavy-duty vehicle frame electrophoresis

Target layer

Criterion layer

Indicator layer

Presentation quality B,

Chromatic aberration B, ,

Layer defect B,

Flow mark B, ,

Frame electrophoresis quality
evaluation system

Paint film quality B,

Paint film thickness B,,

Paint film adhesion B,,

Paint film hardness B,,

Corrosion resistance B,

Resistance to alkali B,,

Salt mist corrosion B,,

Resistance to oil B,,
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1. Build a hierarchy structure. The target layer re-
fers to the quality of electrophoresis conducted
on a heavy-duty vehicle frame, and the crite-
rion and indicator layers are established sub-
sequently according to the evaluation system’s
framework.

2. Determine the judgment matrix. Experts are
invited to assign values to indicators at each
level, and the comparison scale table deter-
mined by Saaty (Table 2) is used as a refer-
ence to perform a pairwise comparison of the
various indicators of each layer and construct
a judgment matrix.

Two element indices xm and xn are selected
from the same index level, and amn represents the
comparison of the influence of the indices xm and
xn on vehicle frame electrophoresis quality. All of
the comparison results at the same level are repre-
sented by a matrix known as a judgment matrix.
Hierarchical consistency testing. The maximum ei-
genvalue Amax is calculated according to the judg-
ment matrix and the corresponding eigenvector W.
The consistency check index (CI) used to calculate
the judgment matrix is as calculated follows [12]:

Amax -n
Cl = 1 (1)

The consistency ratio (CR) of the judgment
matrix calculated from the average random con-
sistency index table is determined as follows [13]:

I
" RI

where: R/ is the randomness index. The average
RI is detailed in Table 3.

CR )

Generally, if CR < 0.1, the judgment matrix
is considered to have passed the consistency test;
otherwise, it lacks satisfactory consistency.

Determination of index weights for the
evaluation system

After the index weights for the frame elec-
trophoresis evaluation system are determined,
the weights of each element in the criterion layer
are calculated. In this study, more than 15 experts
from relevant fields were invited to evaluate and
score the average values. Based on their impor-
tance (listed by significance in the table), the three
influencing factors of presentation quality, paint
film quality, and corrosion resistance underwent
a pairwise comparison to obtain the evaluation
matrix shown in Table 4. The evaluation matrix R
can be expressed as follows:

1 06 074
R=(r;) =167 1 065 3)
135 154 1

We calculate the weights W and Amax for
each factor in the criterion layer are shown as
follows:

W ={w,,w,. w,}={0.245,0.3476,0.4074} (4)

0.7550
A=RxW ={1.0216 Q)
1.2734
N :1(0.755 10216 1.2734):3'0488 ©
300.245 03476 0.4047

Table 2. Evaluation system for the quality of electrophoresis conducted on a heavy-duty vehicle frame [11]

Scale Meaning
1 The m factor is equally important as the n factor
3 The m factor is slightly more important than the n factor
5 The m factor is more important than the n factor
7 The m factor is strongly more important than the n factor
3 The m factor is extremely more important than the n factor
2,4,6,8 Intermediate degree between two adjacent degrees
Reciprocal Comparison of the importance of n factors over m factors

Table 3. Average RI [14]

Matrix order 1

RI 0

0.58 0.90 1.12 1.24 1.32 1.41 1.45
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Table 4. Evaluation matrix of various factors in the

criterion layer

various indicators for the quality of electropho-
resis for a heavy-duty frame were obtained, as

shown in Table 9. Table 9 shows that, for the cri-

terion layer, electrophoresis quality is ranked in

the following order: corrosion resistance, paint

B B, B, B,
B, 1 0.6 0.74
B, 1.67 1 0.65
B, 1.35 1.54 1

film quality, and presentation quality. The evalu-

For the consistency test, given that n = 3, the
value of the RI is 0.58, and the CI can be calcu-
lated: As CI/RI = 0.0421 < 0.1, the consistency
test passed. The evaluation process of the crite-
rion layer is summarized in Table 5. Referring
to the above calculation method, the indicator
layer and test results were obtained, as shown
in Tables 6-8. Based on the weights and consis-
tency test results for the layers, the weights of

ation results show that the corrosion resistance
with the highest weight is a key indicator, and
thus, reasonable processes should be adopted to
improve corrosion resistance during the manu-
facturing process. Considering the specific as-
pects of quality management (i.e., the indicator
layer), the first three indicators that need to be
controlled when evaluating the quality of elec-
trophoresis conducted on heavy-duty vehicle
frames are alkali resistance, paint film adhesion,
and layer defects, followed by flow marks, oil

Table 5. Criterion layer judgment matrix, weights, and consistency testing

B, B, B, B, w
B, 1 0.6 0.74 0.245
B, 1.67 1 0.65 0.3476
B, 1.35 1.54 1 0.4074
Consistency check Amax = 3'048.8; CI/R.I <01
through inspection
Table 6. Presentation quality in the judgment matrix, weights, and consistency testing
B1 B11 B12 B13 W
. 1 0.33 3 0.3105
B, 3 1 4 0.5759
B, 0.33 0.25 1 0.1136
Consistency check Amax = 3'103.7; CI/R.I <01
through inspection
Table 7. Paint film quality in the judgment matrix, weights, and consistency testing
BZ BZ1 BZZ BZ3 W
B,, 1 0.25 0.59 0.1587
B,, 4 1 1.27 0.5409
B,, 1.69 0.79 1 0.3004
Consistency check Amax = 3.0537; CI/RI < 0.1 through inspection
Table 8. Corrosion resistance in the judgment matrix, weights, and consistency testing
B3 BB1 B32 BS3 w
- 1 3.87 4.95 0.6289
B.,, 0.26 1 3 0.2727
B,, 0.2 0.33 1 0.0984
. Amax = 3.1154; CI/CR < 0.1
Consistency check ) )
through inspection
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Table 9. Weights of indicators of electrophoresis quality for heavy-duty vehicle frames in the electrophoresis

quality evaluation system

I . . . Relative to the
Target layer Criterion layer | Weight Indicator layer Weight target layer weight Rank
Chromatic aberration B, 0.3105 0.0761 6
Presentation | 5 55 Layer defect B 0.5759 0.1411 3
quality B, 12
Flow mark B, 0.1136 0.0278 9
Frame o :
. Paint film thickness B 0.1587 0.0551 7
electrophoresis | o it fiim qualit =
quality B V@Y1 03476 | Paint fim adhesion B,, | 05409 0.1880 2
evaluation 2 Paint fi
aint film hardness B 0.3004 0.1043 5
system 23
Corrosion Resistance to alkali B, 0.6289 0.2562 1
resistance 0.4074 Salt mist corrosion B,, 0.2727 0.1109 4
B Resistance to oil B, 0.0983 0.0405 8

resistance, and paint film thickness, which are
relatively low. These results indicate various
measures are necessary to improve the quality
of electrophoresis conducted on heavy-duty ve-
hicle frames.

Fuzzy comprehensive evaluation of vehicle
frame electrophoresis quality

Fuzzy comprehensive evaluation process

The fuzzy comprehensive evaluation method

includes the following three steps [15, 16]:

1. Establish the factor set. Through the hierarchi-
cal structure of the evaluation index system,
the corresponding factor set B for the fuzzy
comprehensive evaluation method can be de-
termined. The first-level evaluation element
sets are:

e B =(B,, B,, B,) = (presentation quality, paint
film quality, corrosion resistance).

The second-level evaluation element sets are

e BI = (B,, B,,, B,;) = (chromatic aberration,
layer defect, flow mark);

e B2 = (B,, B,,, B,,) = (paint film thickness,
paint film adhesion, paint film hardness);

e B3 =(B,,B,,, B,,)) = (resistance to alkali, salt
mist corrosion, resistance to oil).

2. Establish the evaluation set. According to the
actual process of electrophoresis quality man-
agement for a heavy-duty vehicle frame, the
evaluation set V for the current electrophore-
sis quality management status is determined
to be V,, V,, V., V,, and V,, corresponding
to best, good, average, poor, and extremely
poor, respectively, equal to 5, 4, 3, 2, and 1,
respectively.

3. Establish the weight set of each factor. Accord-
ing to the calculation, the weight set of each
factor can be obtained as follows:

W =(0.245, 0.3476, 0.4074);

W, =(0.3105, 0.5759, 0.1136);

W, =(0.1587, 0.5409, 0.3004);

W, =(0.6289, 0.2727, 0.0983).

Implementation of the fuzzy comprehensive
evaluation

Data from the results of the evaluation con-
ducted on the frame electrophoresis quality indi-
cators, as derived from the expert opinions, were
organized, yielding the quality indicators listed in
Table 10. From Table 10, a fuzzy evaluation ma-
trix for various indicators of the quality of elec-
trophoresis conducted on a heavy-duty vehicle
frame was obtained as follows:

03 04 03 0 0
R=| 0 02 04 03 0.1 ®)
0 02 05 02 0.1

02 05 03 0 0
R =| 0 04 03 02 0. ©)
0.1 03 03 02 0.1

01 05 03 0 0
R =02 03 03 02 0 (10)
0 02 03 04 0.1

Next, we determined the fuzzy comprehensive
evaluation vectors DI, corresponding to each indi-
cator factor B. The calculation results yield the fol-
lowing quality management evaluation matrix R for
electrophoresis conducted on a heavy-duty vehicle

367



Advances in Science and Technology Research Journal 2025, 19(1), 363-370

Table 10. Expert judgment results of electrophoresis quality indicators

Criterion layer Indicator layer Weight Best Good Average Poor Extremely poor
Chromatic aberration B, 0.3105 0.3 0.4 0.3 0 0
Presentation Layer defect B 0.5759 0 0.2 0.4 0.3 0.1
quality B, 12
Flow mark B, 0.1136 0 0.2 0.5 0.2 0.1
Paint film thickness B,, 0.1587 0.2 0.5 0.3 0 0
Paint fit U2y [ paint fim adhesion B,, | 0.5409 0 04 0.3 0.2 0.1
2
Paint film hardness B,, 0.3004 0.1 0.3 0.3 0.2 0.1
Corrosion Resistance to alkali B, 0.6289 0.1 0.5 0.3 0
resistance Salt mist corrosion B,, 0.2727 0.2 0.4 0.2 0.2
B, Resistance to oil B,, 0.0983 0 0.2 0.3 0.4 0.1

frame (Equation 11-14). The results for the compre-
hensive evaluation of the quality of electrophoresis
conducted on heavy-duty vehicle frames were then
obtained (Equation 15).

RESULTS

The above evaluation results of the qual-
ity of heavy-duty vehicle frame electrophoresis
are summarized in Table 11. According to the

principle of maximum membership [17-19], the
following conclusions can be drawn:

From the perspective of presentation quality,
Dmax = 0.3803 indicates average electrophoresis
quality; thus, the appearance quality of a treated
heavy-duty vehicle frame is generally acceptable.
From the standpoint of paint film quality,
Dmax = 0.3858 indicates high-quality elec-
trophoresis; thus, the paint film quality of a
certain type of heavy-duty vehicle frame after
electrophoresis is good.

03 04 03 0 O

D, =W, xR =(0.3105 0.5759 0.1136)x| 0 0.2 04 03 0.1 (11)

=(0.0931,0.2621,0.3803,0.1955,0.0690)

0 02 05 02 0.1

02 05 03 0 O

DZ:szRZ:(0.1587 0.5409 0.3004)>< 0 04 03 02 0.1

= (0.0618, 0.3858,0.3000,0.1683, 0.0841)

0.1 03 03 02 0.1 (12)

01 05 03 0 O

D, =W, xR, =(0.6289 02727 0.0983)x| 0.2 0.4 02 02 0 (13)

0 02 03 04 0.1

=(0.1774,0.4432,0.2727,0.0939, 0.0098)

0.0931 0.2621
R=|0.0618 0.3858
0.1774 0.4432

D =W x R=(0.245,0.3476,0.4074) x

0.3803
0.3000
0.2727

0.0931
0.0618
0.1774

= (0.1 168,0.3789,0.3087,0. 1448,0.0508)
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0.1955 0.0690
0.1683 0.0841 (14)
0.0939 0.0098

02621 03803 0.1955 0.0690
03858 03000 0.1683 0.0841
04432 02727 0.0939 0.0098 (15)
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Table 11. Evaluation indicators for the current status of quality of electrophoresis conducted on a heavy-duty

vehicle frame

Criterion layer Best Good Average Poor Extremely poor
Presentation quality 0.0931 0.2621 0.3803 0.1955 0.0690
Paint film quality 0.0618 0.3858 0.3000 0.1683 0.0841
Corrosion resistance 0.1774 0.4432 0.2727 0.0939 0.0098
Cogghejgﬁgii"e 0.1168 0.3789 0.3087 0.1448 0.0508

e From the perspective of corrosion resistance,
Dmax = 0.4432 indicates high-quality elec-
trophoresis; thus, the corrosion resistance of a
certain type of heavy-duty vehicle frame after
electrophoresis is good.

Overall, the electrophoresis treatment on a
heavy-duty vehicle frame shows good perfor-
mance (Dmax = 0.3789). Frame pre-treatment,
electrophoresis voltage, electrophoresis tank lig-
uid, drying temperature, cooling time, and other
factors also critically impact the quality of the
frame electrophoresis process. During manufac-
turing processes, measures such as improving the
intelligence of electrophoresis production lines,
increasing the number of quality control alarms
on electrophoresis production lines, increasing
the awareness of on-site manufacturing person-
nel, strictly controlling process parameters, and
regularly maintaining key equipment can be tak-
en to improve the quality of electrophoresis pro-
cess on heavy-duty vehicle frames.

CONCLUSIONS

Using the layer analysis method to construct a
quality management system and analyze the elec-
trophoresis process conducted on heavy-duty ve-
hicle frames showed that corrosion resistance was
the most important influencing factor among the
three criterion layers, while presentation quality
had the least impact on the electrophoresis qual-
ity. The comprehensive weights of alkali resistance
(0.2562), paint film adhesion (0.188), and layer de-
fects (0.1411) in the indicator layer were relatively
high, meaning that these factors should be care-
fully controlled during manufacturing processes.

The fuzzy evaluation method was used to
comprehensively evaluate the quality of electro-
phoresis conducted on heavy-duty vehicle frames,
showing that the quality of -electrophoresis

treatment on a certain type of heavy-duty vehicle
frame was highly ranked (Dmax = 0.3789).

In this study, a quality evaluation system was
proposed to evaluate the electrophoresis process
conducted on heavy-duty vehicle frames. Based
on expert scoring, hierarchical analysis and the
fuzzy comprehensive evaluation method were
utilized to comprehensively evaluate and opti-
mize the quality of electrophoresis applied to
heavy-duty vehicle frames. These approaches
not only combined qualitative and quantitative
evaluation methods effectively but also solved
problems relating to the fuzziness and uncertainty
of electrophoresis quality evaluation processes.
Moreover, the evaluation results are vector sets
rich in information, overcoming the single-result
problem of traditional evaluation methods. How-
ever, the fuzzy comprehensive evaluation method
also results in subjectivity when setting weights,
which may be influenced by expert input. There-
fore, this method requires large amounts of data
and information.
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