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Abstract This paper reviewed the main research work in

the field of remaining life prediction of crankshaft reman-

ufacturing core by Science and Technology on Remanu-

facturing Laboratory. Based on the results of finite element

analysis, the R angle zone of crankshaft was determined as

a major measuring position. A special measuring probe is

developed, and bending fatigue bench tests were carried

out to collect electromagnetic damage information during

fatigue process. A neural network model was established to

identify damage degree of crankshaft core, and a damage

evaluation equipment for crankshaft core was developed.
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1 Introduction

Crankshaft is the key component of engine, which can

transform the driving force of cylinder to spin power. In

service conditions, crankshaft is subject to complex stresses,

including gas pressure, reciprocal inertia force, centrifugal

inertia force, and external force moment [1–3]. Due to rig-

orous operating conditions, the fabrication processes of

crankshaft are complicated and its price is very high. Some

crankshafts out of commission still have high remaining

value. If these crankshafts were remanufactured, their surplus

value can be fully utilized [4, 5]. Accordingly, crankshaft

remanufacturing is the focus of remanufacturing businesses.

Since various damages may occur in old crankshafts during

service life, their damage degree and remaining life must be

evaluated before remanufacturing to ensure remanufacturing

quality. The old crankshafts cannot enter into remanufac-

turing production unless they have adequate remaining life

[6]. The old crankshafts had the features such as uncertainty

of service history, complicacy of damage types, randomicity

and individual otherness. Thus it is very difficult to exactly

evaluate their damage degree [7]. At present, remanufactur-

ing enterprises only use magnetic powder inspection to detect

crack on the surface of crank pin. The crankshafts having

crack cannot be remanufactured, whereas the crankshafts

without crack can be remanufactured.

However, even if crack was not found in some old

crankshafts by means of magnetic powder inspection, early

damage still probably existed on the dangerous position of

crankshaft. The remanufacturing values of these old

crankshafts without crack are different. If early damage

cannot be assessed well, the service reliability of remanu-

facturing crankshafts will be unwarranted. There are no

holistic technology researches on how to predict the

remaining life of remanufacturing crankshaft core. The

above mentioned factors can lead to a hidden trouble of

remanufacturing crankshaft. This paper introduced the

works of Science and Technology on Remanufacturing

Laboratory on crankshaft remanufacturing. Based on the

results of finite element analysis, the R angle zone of

crankshaft was determined as a major measuring position.

A special measuring probe was developed, and bending

fatigue bench tests were carried out to collect electro-

magnetic damage information during fatigue process.

A neural network model was established to identify dam-

age degree of crankshaft core, and a damage evaluation

equipment for crankshaft core was developed.
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2 Finite element analysis of one throw of crankshaft

The research on remaining life prediction of crankshaft

remanufacturing core must rely on advanced non-destruc-

tive testing technologies to diagnose the damage degree of

old crankshafts. Therefore, the weak position, i.e., potential

dangerous position of crankshaft should be determined

firstly. As is known, the most dangerous failure of crank-

shaft is bending fatigue fracture. Then, a finite element

model of one throw was established to analyze the com-

plicated stress state of crankshaft.

The fourth throw of WD615.68 crankshaft which is easy

to suffer fatigue failure was selected to establish noumenal

model, and then the model was led into a ANSYS software,

which is a famous finite element analysis software, to

divide freedom lattice. Figure 1a is the three-dimensional

lattice model of the fourth throw of crankshaft.

When a plunge is moved down to the bottom dead point

in a cylinder during engine operation, crankshaft will be

subjected to a maximum break-out pressure of cylinder, at

this time, single throw of crankshaft also stands a maxi-

mum load. According to the load and constraint state at that

moment condition, a terminal condition was applied to the

throw. The restriction was directly applied to main journal

of crankshaft to simplify calculation [8, 9], which assumed

the right hand of the throw had a rigid fixing and left hand

of the throw hinged fixing. Figure 1b gives the maximum

main stress distribution nephogram of the fourth throw

under the effect of break-out pressure. According to the

results of finite element analog simulation, the stress

amplitude is the maximum at the position of bottom dead

position of knuckle R angle at which the probability of

fatigue failure is the maximum. The position is determined

as the weakest position of crankshaft.

3 Experiments on crankshaft damage diagnose by eddy

current/metal magnetic memory testing

Based on the results of finite element analysis, R angle

zone was determined as the main measuring zone. The

research of damage diagnose of crankshaft was conducted

along the steps as follows:

(i) Is there early damage existing on the position of

R angle zone?

(ii) Is the early damage degree serious?

(iii) Is there a crack occurring on the R angle zone?

(iv) What is the depth of crack?

(v) What is the evaluation of crankshaft remanufacturing

adaptability?

The first and second steps were carried out by means of

metal magnetic memory testing method. Metal magnetic

memory testing can find out the stress concentration zone

of ferromagnetic materials [10–13]. It utilizes the weak

self-leakage magnetic signals to detect the dangerous

position of ferromagnetic material, which has a powerful

potential in the field of early damage diagnose.

The third and fourth steps were carried out by means of

multi-frequency eddy current testing method [14]. Eddy

current testing can detect flaws on the surface or near

surface of conductive materials. Multi-frequency eddy

current testing is new development of eddy current testing,

which uses several frequencies to excite induction coil at

the same time. The vector operation of measuring signals

was calculated to suppress disturbance and increase signal-

to-noise performance in the measuring environment. The

multi-frequency eddy current testing can give attention to

measuring sensitivity and effective depth.

3.1 Measuring probe design

The geometry of crankshaft is very complicated, and its

measuring space is narrow due to the influence of rod

journal span and sector dimension. The general pen probe isFig. 1 Finite element simulation analysis
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difficult to enter into the R angle zone and its lift-off value

cannot ensure unchanged during measuring process, which

disturbed the collecting signals continuity and signals

diagnosis accuracy. Then, a special eddy current/magnetic

memory copying probe is designed, as shown in Fig. 2.

The probe has a cambered measuring face whose width

and radius of curvature are same with the measured rod

journal. Thus the copying probe can fully fit the surface of

rod journal during measuring process. There are six chan-

nel probes on the measuring face. Three channel probes

exist on each end of rod journal to cover R angle zone

completely. The design can restrain the disturbance of lift-

off effect effectively.

3.2 Electro-magnetic damage signals analysis

In order to investigate the method of early damage evalu-

ation of old crankshaft, metal magnetic memory signals on

the R angle zone of old and new crankshafts were collected

to obtain their distribution. Additionally, bending fatigue

bench tests of crankshaft were performed, and the varia-

tions of magnetic signals were explored with damage

increasing during fatigue test.

3.2.1 Magnetic memory signals distribution of new and old

crankshafts

Fifteen crankshafts were chosen as test sample in China

Heavy Automobile Restrengthen Power Corporation,

including 5 new crankshafts and 10 old crankshafts.

A crankshaft has 6 rod journals, each rod journal has two

R angle zones, then 12 magnetic curves can be collected

from each crankshaft. Figure 3 shows typical magnetic

signal curves from 3 crankshafts.

The magnetic signal curves of new crankshaft presented

‘‘W’’ shape, and 12 magnetic curves had the same regular

pattern except slightly different signal amplitudes, which

reflected the influence from the manufacturing processes.

The new crankshafts in a same batch have the same

material and technical process, thus the distributions of

magnetic signals were identical. However, the old crank-

shafts had different recovery channels, service conditions

and discarding reasons. The magnetic signals of these old

crankshafts reflected the influence of accumulative dam-

age, which were disordered in contrast to new ones.

Although the signal curves of old crankshafts with nice

surface state still present ‘‘W’’ shape to some extent, their

signal amplitude differences were increasing evidently.

The signals from serious wear surface of old crankshafts

were random without regularity.

The results showed that there are apparent difference of

magnetic memory signals between old crankshafts and new

crankshafts, and metal magnetic memory signals can reflect

the influence of service condition of crankshaft.

3.2.2 Variations of electro-magnetic signals of crankshafts

during fatigue test

3.2.2.1 Measurement of metal magnetic memory signals

of crankshafts There are great differences among the

recovery old crankshafts including nice surface of rod jour-

nals, slight wear, and bad wear, even burning surface of rod

journals. The parameters characterizing the damage degree of

old crankshaft must be extracted and assessment criterion

must be established to choose the old crankshafts with

remanufacturing ability. Consequently, the samples of

bending fatigue test were selected from some old crankshafts

with different damage. During the fatigue test the fatigue

machine stopped according to predetermined fatigue cycles,

and then magnetic memory signals of R angle were collected

on-line, which were deeply treated by means of signal pro-

cessing technology.

Crankshaft fatigue test machine was a CBFT-II reso-

nance bending fatigue test machine in the horizontal

position (see Fig. 4).

The results showed that some old crankshafts still had a

quite resisting fatigue failure power, which had passed 107

fatigue cycles under the condition of 1.8 times and even 2

times higher than a designed flexural moment. It is feasible

to choose the old crankshafts with adequate remaining life

to remanufacture.

Figure 5 gave the variations of magnetic signals of a

crankshaft passing 107 fatigue cycles without initiating crack

during fatigue test. The tested crank was subjected to a bend

moment 5,611.04 Nm. Figure 5a and b presented the normal

component Hp(y) and tangential component Hp(x), respectively.

Two characteristic parameters, magnetic signal gradient

value K of Hp(y) and the peak value of Hp(x), were

extracted to draw a relational graph with fatigue cycles

increasing (see Fig. 6).Fig. 2 Eddy current/magnetic memory special profile probe
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The bend moments acted as an external excitation magnetic

field when they were applied to the tested crank. The distri-

butions of magnetic signals on R angle zone showed some

regularity, which varied slightly with fatigue cycles increas-

ing. The peak value of Hp(x) showed a drop tendency while the

gradient K value of Hp(y) showed an upward tendency.

In fact, magnetic memory signals varied nonlinearly, which

is difficult to be described by mathematic model. A single

characteristic parameter of magnetic signal can hardly char-

acterize the damage degree of old crankshaft. Hence, our

research group utilized neural network technology to identify

damage intelligently [15]. The 3 layers BP neural network was

established, which structure was 5 9 8 9 1. Levenberg–

Marquadt reversal algorithm was adopted. 5 typical charac-

teristic parameters of magnetic memory signals were chosen as

input vectors and the damage degree of tested sample was the

only nerve unit determined as output layer of neural network.

The maximum relative errorof the network model was5.10 %.

3.2.2.2 Crack quantitative measurement by multi- fre-

quency eddy current testing The results of crankshaft

bench test showed that the depth of fatigue crack deter-

mined residual fatigue strength after fatigue crack occur-

ring directly. Shallow surface crack had little influence on

remaining life of old crankshaft. However, it is difficult to

measure the depth of R angle crack by X-ray inspection and

ultrasonic phased array inspection technologies. Multi-

frequency eddy current testing was determined after repe-

ated testing.

Some standard crank specimens with different precut

depth of cracks were made firstly, and multi-frequency

eddy current probe was used to measured the precut cracks,

Fig. 3 Magnetic signals from different crankshafts

Fig. 4 Photo of resonance bending fatigue test machine for

crankshaft

Fig. 5 Magnetic memory signals collected during fatigue process
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so a crack calibration curve was created. According to the

variations of eddy current signal amplitude, an exponential

relational expression between eddy current signal ampli-

tude and the depth of crack was established:

DE ¼
1

e

� �h=d
; ð1Þ

where, DE is the amplitude of eddy current signal, h the

depth of crack, and d is the penetration depth by eddy

current.

Due to adopted multi-frequency eddy current probe, a

four-impedance measurement mode was determined. S1–

S4 measuring windows respectively coincided with the first

to the fourth physical measuring channels, the first channel

and the second channel on the left R angle zone of crank,

the third channel and the fourth channel on the right

R angle zone of crank.

A crank including pit corrosion was measured by the

eddy current probe turning around the tested rod journal

uniformly to pick the damage information on the R angle

zone. The amplitude of S2 measuring window was appar-

ently higher than that of S1, S3 and S4 measuring window

on the pit position (see Fig. 7). The calibrated pit depth was

0.85 mm.

3.3 Development of assessment equipment

Based on the results of standardized parts and crank

component fatigue tests, an early damage identification and

residual fatigue strength model of crankshaft R angle zone

was established, and an assessment equipment was devel-

oped by means of metal magnetic memory/multi-frequency

eddy current signals, which can automatically diagnose

the damage degree of crankshaft R angle zone and

give assessment result for remanufacturing ability. The

assessment equipment included four modules including

guide stay structure, motion control components, signal

collection components and damage evaluation system.

4 Conclusions

The remaining life prediction of remanufacturing core is

always a difficult problem in remanufacturing field. Our

remanufacturing laboratory explored the feasibility of

remaining life prediction on crankshaft cores by electro-

magnetic nondestructive testing. However, only some

research findings on semi-quantitative damage evaluation

were achieved. In the future ultrasonic damage information,

light damage information and thermal damage information

Fig. 6 Variations of characteristic parameters of magnetic memory

signals

Fig. 7 Abnormal signals of measured crank by multi-frequency eddy

current testing
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will be supplied into the remaining life researches, then the

quantification level of remaining life on remanufacturing

cores will continue to develop.
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