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Abstract

The influence of microstructure of weld metal on near-threshold crack growth behavior under the condition of low and high
stress ratio has not been deeply understood. Therefore, experiments were carried out to study the influence of microstruc-
ture on the near-threshold fatigue crack growth behavior of 18Ni maraging steel and weld. Microstructure characteristics
of base metal and weld metal were analyzed by optical microscope and scanning electron microscope. Results show that
the segregation of elements such as Mo, Ti, and Ni leads to the formation of massive reversed austenite phases in the weld
interdendritic region and correspondingly reduces the content of these elements in martensite matrix of weld metal, thereby
reducing the amount of N5 (Mo, Ti) in the weld matrix, leading to decrease of microhardness and tensile strength of weld
metal compared to that of base metal. Fatigue tests demonstrate that when the stress ratio is 0.1 and fatigue crack growth
rate is less than 107> mm/cycle, roughness-induced crack closure effect has a great influence on crack growth behavior of
base metal. The near-threshold crack growth rate of weld metal is lower than that of base metal under the stress ratio of 0.9,
which can be attributed to the larger average size of martensite blocks and lower density of high-angle boundaries in weld
metal than in base metal.
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1 Introduction closure. Sun et al. [5] revealed that grain size of prior austenite

in martensitic steel was proportional to roughness of crack

Defects or damages inevitably appear in metal structures
during engineering manufacture and during service, where
fatigue cracks often occur and extend to structure failure
under cyclic loading. Therefore, researches on fatigue crack
growth behavior have become an important part of structural
durability analysis. Many researches [1-4] have found that
microstructure characteristics have significant influence on
near-threshold crack growth behavior with low stress intensity
amplitude AK, which is related to roughness-induced crack
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growth path section, and large grain size increased rough-
induced crack closure effect, which led to the decreasing of
near-threshold fatigue crack growth rate. Gary et al. [6] sug-
gested that in eutectoid steel, near-threshold crack growth path
depended on the orientation of pearlite beam, which affected
roughness-induced crack closure effect and final fatigue crack
growth rate and threshold value. Recently, SunLingen [7] also
revealed that heterogeneous grain size of prior austenite in
the weld metal of refractory steel has an obvious influence on
near-threshold crack growth behavior, and the difference of
crack closure effect caused by heterogeneous grain size makes
the test data of crack growth rate show great dispersion. Addi-
tionally, it has been found that the effect of load ratio R which
is defined as ratio of minimum to maximum load (R=P_;/
P_..) on crack growth behavior also depends on microstruc-
tures [8—11]. In a metastable beta titanium alloy, Jha and Ravi-
chandran [12] found that stress ratio had a negligible effect on
crack growth behavior of the a-aged microstructure, while a
strong effect was observed in the w-aged microstructure due
to its higher level of roughness-induced crack closure.
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Martensite steel material has been applied to various
kinds of aviation welded structures. During the service
period of structures, fatigue cracks usually occur at the
weldment and extend to the structure failure. Ming Yang
[13] analyzed systematically the influence of microstructure
of prior austenite grain, martensite packet, and martensite
block in martensite steel on fatigue crack growth resistance
and pointed out that when the size of cyclic plastic zone is
equal to or more than the average size of martensite block,
the first significant transition point occurs, and the small-
est plastic deformation unit at the crack tip changes from
martensite lath to martensite block. When the size of cyclic
plastic zone reaches the average size of martensite packet,
the plastic deformation unit changes from martensite block
to martensite package again, which leads to the second tran-
sition point of fatigue crack growth behavior. However, what
role does the microstructure of martensite steel does play
during near-threshold crack growth without crack closure
effect? Especially, the effect of microstructure of weld metal
on near-threshold crack growth behavior has not been deeply
understood. In this paper, microstructure characteristics and
basic mechanical properties of weld metal of 18Ni marag-
ing steel were analyzed, and the mechanism of the influence
of microstructure characteristics on near-threshold fatigue
crack growth behavior was discussed.

Table 1 Major chemical components of 18Ni maraging steel (wt%)

2 Experimental materials and methods

The material used in the experiment is 18Ni maraging steel,
which is a kind of super-strength steel with ultra-low car-
bon and Fe—Ni martensite matrix. As-forged, major chemical
components are shown in Table 1. The welded specimens
were prepared by argon tungsten arc welding method. That
is, firstly, the first pass was welded on the front side, and
then the second pass was welded on the back side to manu-
facture welded specimen. Welded specimens were put into a
vacuum furnace for solution treatment and subsequent aging
treatment. The parameters of solution treatment are as fol-
lows: holding at 830 °C for 1.5 h and air cooling, in order to
obtain Fe-Ni martensite matrix; the aging parameters are as
follows: holding at 480 °C for 4.5 h and air cooling, in order
to precipitate dispersedly strengthening phases of Ni; (Mo,
Ti) in martensite matrix.

Metallographic samples composed of weld metal, heat-
affected zone (HAZ), and base metal were taken from
welded specimens, as shown in Fig. 1. After polishing obser-
vation surface of metallographic samples, microstructure
and morphology were etched out with 4% nitric acid alcohol
solution. Microstructure characteristics of weld metal, HAZ,
and base metal were observed by Leica DM5000 optical
metallographic microscope (OM) and JSM-7900F scanning

C Ni Mo Co Cr Si

Ti Al Mn Si Cu Fe

<0.02  17.50~19.00 4.60~5.20 7.50~8.50  <0.5
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electron microscope (SEM), respectively. Element contents
of major phases were analyzed by energy spectrum method,
and micro-grain orientation maps were analyzed by selected
area electron backscattering diffraction (EBSD). Microhard-
ness of metallographic samples was measured by FM800
micro Vickers hardness tester.

Tensile property samples of both weld metal and base
metal were taken from welded specimens, as shown in
Fig. 1. Room temperature tensile properties were tested on
an EMSYS tensile testing machine. C(T) samples required
for the fatigue crack growth rate test of both weld metal and
base metal also were taken, as shown in Fig. 1. The dimen-
sion of C(T) sample is shown in Fig. 2. Especially, for C(T)
samples of weld metal, fatigue crack was prepared at the
middle position of weld metal. The fatigue crack growth
behavior of both weld metal and base metal was tested on
MTS Landmark Fatigue Testing Machine. Firstly, near-
threshold fatigue crack growth rate with less than 10~> mm/
cycle was tested by gradually decreasing K method under
the condition of constant stress ratio R. Then, fatigue crack
growth rate in the Paris region with more than 107> mm/
cycle was tested under the condition of constant stress
ratio R by the method of increasing K under constant load.
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Fig.2 Major dimensions of C(T) sample with thickness of 2.5 mm

Fig.3 Macro-morphology of
weldment of 18Ni maraging
steel

Equation (1) was used to calculate the magnitude of stress
intensity factor. The morphology of the crack growth path
was observed with a Leica DM5000 optical metallographic
microscope.

AP 2+

AK = 2 d
BVW (1 - ):

(0.886 + 4.64a — 13320 + 14.720¢ — 5.60*)

ey

Among them, o =a/W; a is crack length, B is thickness of

C(T) sample, W is width of C(T) sample, and AP is applied

load amplitude. Linear fitting calculation method was used
to deal with the data of fatigue crack growth rate.

3 Results
3.1 Microstructure characteristics

The 18Ni weldment consists of weld metal, heat affected
zone, and base metal, as shown in Fig. 3. During the welding
process, base metal is not affected by welding heat, and its
microstructure characteristics are consistent with original
material with prior austenite grains of about 28.2 um size
and fine lath martensite phases in the matrix, as shown in
Fig. 4a. Weld metal is the microstructure of dendritic casting
structure formed by melting and subsequent solidification
of metal materials with the average width of dendrites of
about 16 um, as shown in the Fig. 4c. Fine lath martensite
precipitates inside dendrites of weld metal with reversed
austenite phases in the interdendrites, as indicated by arrows
in Fig. 5c. Heat-affected zone is located between weld metal
and base metal with coarse prior austenite grain of average
about 71.5 um near weld fusion line, as shown in Fig. 4b.
As we all know, welding solidification process is often
accompanied by the phenomenon that some elements seg-
regate into interdendrites. There is a serious segregation of
Mo, Ti, and Ni elements into the interdendrites of 18Ni weld
metal, as shown in Fig. 5. Correspondingly, the contents of
these elements in martensite matrix will inevitably decrease.
Since these elements are the major elements of precipita-
tion strengthening phases Ni; (Mo, Ti), the number of
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Fig.4 Microstructure and mor-
phology of weldment of 18Ni
maraging steel

3
TR

SR

(c) weld metal (Postion No.1 in Fig.3)

Fig.5 Energy spectrum analysis
results of main elements in weld

metal
IT
Test position Ni Mo Co Ti Fe
interdendrite 19.34 1.30 8.39 0.79 70.18
dendritic interior 17.51 0.05 8.37 0.31 73.76
Noting: the atomic percentage is calculated after minor elements are not included.

precipitation strengthening phases in the martensite matrix As pointed out in Reference, [14—16] since Fe—Ni mar-
is expected to decrease accordingly. During the aging treat-  tensite is metastable during the aging process, austenite
ment, the strengthening phases such as Ni; (Ti, Mo) are pre-  phase reverse reaction tends to occur in the Mo, Ti, and Ni
cipitated dispersedly along the martensite phase boundaries  enriched regions of interdendrites where massive reversed
in the form of fine particles, as shown in Fig. 6. This pre-  austenite phases are formed, as indicated by the arrows in
cipitation strength mechanism generally contributes about  Fig. 4c. The phase amount of weld metal and base metal
1000 ~2000 MPa to the kind of maraging steel [9-14]. analyzed by EBSD method is shown in Fig. 7. The matrix
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Fig. 6 Morphology of strength-
ening phases precipitated dis-
persedly along lath martensite
phase boundaries

Lath martensite

My vieem)

(a) welding seam

Fig.7 EBSD test results of
phase content in weld metal and
base metal of 18Ni maraging
steel

(a) Weld metal

Retained austenite

ey
) e

Lath martensite

(b) base metal

Reversed austenite

Retained austenite

(b) Base metal

Phase type (ratio by volume) Weld metal Base metal
Austenite phase (red) 0.068 0.012
Martensite phase (green) 0.932 0.988

structures of them are both lath martensite phases, with a
small amount of retained austenite phases distributed along
lath martensite phase boundaries. It is also worth noting that
there are general and massive reversed austenite phases in
the interdendrites of weld metal. Statistical results showed
that the total amount of retained austenite phase and reversed
austenite phase in weld metal was 5 times more than that in
base metal. Consequently, formation of austenite phase con-
sumes more elements such as Mo, Ti, and Ni in weld metal,
which will be expected to accordingly lead to decrease the
number of precipitation strengthening phases in the mar-
tensite matrix, which will inevitably have negative influ-
ences on the number of precipitation strengthening phase
such as Ni; (Mo, Ti) in the matrix, thus affecting mechanical
properties of weld metal [17].

3.2 Microhardness and tensile properties
The microhardness of 18Ni maraging steel weldment was

tested along the dotted line shown in Fig. 3, and the distance
between adjacent test points is 0.2 mm. Figure 8 shows the

result of microhardness distribution in the weldment. The
microhardness value of base metal was the highest, with the
average value of about 592.2 HV) 5, and the “valley” of the
microhardness distribution appeared in the central position
of weld metal, where the average value of microhardness
was about 552.7 HV, ;. Obviously, the reason for this phe-
nomenon should be directly relative to the abovementioned
segregation of Ni, Mo, and Ti in weld metal, which reduced
the number of precipitation strengthening phases Ni; (Mo,
Ti) in the matrix [13, 14] while the results of room tempera-
ture tensile test further proved that the tensile strength and
yield strength of weld metal were lower than that of base
metal, as shown in Table 2.

3.3 Fatigue crack growth behavior

Figure 9 shows the test results of fatigue crack growth
behavior of both weld metal and base metal under the con-
dition of stress ratio value of 0.1, 0.5, and 0.9, respectively.
The fatigue crack growth rate of both materials increased
with the increase of stress ratio. At the stage of fatigue
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Table 2 Test results of tensile properties of 18Ni maraging steel and R=0.1
weldment in room temperature 10°
o
Sample type Rm (MPa) Rp0.2 (MPa) A (%) Fracture position X107 o/
8x107° = B ®m  Base metal R=0.1
Base metal 1887.4 1870.6 7.24 Base metal i ' o Weld metal R=0.1
~ Tx10° ! ® Base metal R=0.5
Weld metal 1826 1744.6 6.4 Weld metal 2 O Weld metal R=0.5
;?6 10 3 A Base metal R=0.9
<™ & Weld metal R=0.9
E —— Base metal R=0.1
PR - Weld metal R=0.1
102 = é Base metal R=0.5
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A base metal R=0.9 )
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Fig.9 Fatigue crack growth rate curves under the conditions of dif-
ferent stress ratios

crack growth rate between 107> and 10™* mm/cycle, cor-
responding to large AK-values, the fatigue crack growth
rates of both materials were almost the same under the
same stress ratio, which reflected the conclusion of Refer-
ence [0, 18], that is, microstructure has little influence on
fatigue crack growth behavior under the condition of large
AK-values. However, at the near-threshold stage of fatigue

@ Springer

crack growth rate of weld metal with the stress ratio of
0.1 was slightly faster than that of base metal, while both
of them were basically equal with the stress ratio of 0.5.
Finally, under the worse case condition with the stress
ratio of 0.9, the fatigue crack growth rate of weld metal
was significantly lower than that of base metal, as shown
in Fig. 10.

Figure 11 compares the morphology of near-threshold
crack growth path (fatigue crack growth rate < 107> mm/
cycle) between weld metal and base metal under the con-
dition of stress ratio of 0.1. Large deviations and fluctua-
tions appeared in base metal during crack growth while
deviation was very small in weld metal. Obviously, large
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Fig. 11 Morphology of near- Pre-crack

threshold crack growth path at

Fatigue crack growth rate<10-*mm/cycle

R=0.1

deviations and fluctuations along the crack growth path in
base metal increased significantly the total length of crack
growth, compared with weld metal.

3.4 Discussion

It is well known that significant roughness-induced crack
closure can arise from an irregular or rough fracture surface
morphology. Figure 12 shows the mechanism of roughness-
induced crack closure, where the size scale of the fracture
surface roughness is comparable with crack tip opening dis-
placements and where significant Model II displacements
exist (a situation found near-threshold levels at low stress
ratios), crack closure again promoted since the crack may
be wedged open at discrete contact points along the crack
faces [19]. And the larger prior austenite grain size of metal
material, the greater deviation and tortuosity of crack growth
process, resulting in more serious surface roughness, and
the greater the influence of crack closure effect, which will
reduce near-threshold fatigue crack growth rate with low
stress ratios [1 ~6]. Obviously, under the condition of low
stress ratio of 0.1, the deviation and twists of near-threshold

Fig. 12 Schematic illustration
of mechanism of roughness-
induced crack. AK is the
effective stress intensity range,

given by K. -K , where K.
is the Maximum stress intensity Kumin
and K is the stress intensity to
close the crack; K >K,;,, the
Klll:lx

minimum stress intensity [19]

crack path in base metal of 18Ni maraging steel were more
serious than those in weld metal, as shown in Fig. 11, which
was directly relative to the fact that the size of prior austenite
grains in base metal of 18Ni maraging steel was larger than
that of prior austenite dendrite in weld metal (the dendrite
width is the main size characteristic that affects the behav-
ior of crack transgranular growth), as shown in Fig. 4a and
c. Accordingly, the discrepancy of rough fracture surface
morphology caused by the difference of grain size between
base metal and weld metal inevitably affected the differ-
ence of crack closure effect on near-threshold crack growth
behavior under the condition of low stress ratio, as shown in
Fig. 10. In addition, under the worse-case condition of stress
ratio of 0.9, where crack closure effect has been completely
eliminated, near-threshold crack growth rate of base metal
was obviously faster than that of weld metal with very low
AK-values, as shown in Fig. 11. However, under the condi-
tion of low stress ratio of 0.1, near-threshold crack growth
rate of base metal was slightly lower than that of weld metal.
Therefore, the significant change of crack growth behavior
between base metal and weld metal under the extremely dif-
ferent loading conditions just proved that roughness-induced

No Closure Roughness-induced Closure

N N

ANA IO
N i

AKeff =Kmax-Kmin AKer =Kmax-Kei
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crack closure effect had a greater influence on crack growth
behavior of base metal than that of weld metal under the
condition of very low AK-values and low stress ratio.
Typically, crack closure effects disappear when the stress
ratio is greater than 0.7 for metallic materials [20-22]. Under
the worse-case condition of stress ratio of 0.9, where crack
closure effect has been completely eliminated, weld metal
has significant resistance of near-threshold crack growth,
compared with base metal, as shown in Fig. 11. So, what
role does the microstructure play in this phenomenon?
According to the research results [13], block grain is the
smallest microstructure unit that controls the properties of
martensitic steel. Figure 13a and b shows the distribution of
block grains in weld metal and base metal of 18Ni maraging
steel, in which a color represents a single block grain with
boundary of misorientation greater than 15°. Obviously, the
average size of block grains of weld metal which is about
6.17 um is significantly larger than that of base metal which
is about 3.51 pm. In addition, Fig. 13c and d reveals vari-
ous types of boundaries in weld metal and base metal. The
statistical results of the number and length of various types
of boundaries in weld metal and base metal are displayed
in Fig. 14. Regardless of high-angle boundaries with mis-
orientation greater than 15° or low-angle boundaries with

Fig. 13 EBSD test results of
microstructure of weld metal
and base metal. a Grain mor-
phology of weld metal. b Grain
morphology of base metal. ¢
Grain boundary orientation of
weld metal. d Grain boundary
orientation of base metal

@ Springer

I weld metal
I base metal

length (mm)

< 15°(subgrain boundaries) 15°-180°(grain boundaries)

misorientation

Fig. 14 Total length of grain boundaries and subgrain boundaries of
weld metal and base metal

misorientation less than 15°, the quantity and total length in
weld metal are obviously smaller than those of base metal.
Correspondingly, it can also be inferred that the densities
of high-angle boundaries and low-angle boundaries in weld
metal are necessarily less than those in base metal.

Boundaries: Rotation Angle
Min  Max

—_— 5
— 5
— 15° 180°
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Fig. 15 Schematic diagram of
dislocation structure in front of
the crack tip

(a) small-size block grain

As stress ratio R increases, mean stress increases, and
when the stress ratio R=0.9, the plastic zone at the crack
tip is close to the unidirectional plastic zone. Figure 15
shows schematically the crack tip state of small-size and
large-size martensite block grains. In order to explain
the different near-threshold stress intensity values for
two types of block grains, a situation will be considered
where the plastic zone size at peak load should be some-
what smaller than the large block grain size, as shown
in Fig. 15b. At very low AK-values, where in an ideal-
ized case only one slip system may be activated, pile-up
dislocations are formed in the same slip plane in front of
the crack tip in large-size block grain. However, in small-
size block grain, dislocations plugging will occur at the
grain boundary in front of the crack tip, and high local
stress concentration will lead to slip on the secondary slip
system in the same grain and slip in adjacent grains, as
shown in Fig. 15a. Obviously, compared with weld metal,
base metal with smaller block grain size and higher den-
sity of high-angle boundaries will form more dislocations
plugging during the loading process, so that the extra
stress at the crack tip in base metal is greater than that in
weld metal, thereby increasing the effective stress inten-
sity value of near-threshold crack growth, which explains
the crack growth rate of base metal is faster than that of
weld metal under the condition of R=0.9. However, at
lower stress ratios, R=0.1, microstructure of block grain
is insensitive to the influence of fatigue crack growth rate
due to the crack closure effect.

In addition, according to the research result of Reference
[23], existence of retained austenite phase in metal materials
was beneficial to increase near-threshold crack growth resist-
ance. Obviously, this is relative to the fact that the plastic
deformation formed by the low-strength, well-plasticized
austenite at the crack tip consumes the energy required for
crack growth. According to the statistical results of austenite
phases shown in Fig. 8, the amount of retained and reversed

: plastic zone size:

: plastic zone size:

—_—m

(b) large-size block grain

austenite phases in weld metal were much larger than that
of base metal, which may also be an important factor to
increase the near-threshold crack growth resistance.

4 Conclusion

(1) The total amount of retained austenite phase and
reversed austenite phase in weld metal was 5 times
more than that in base metal, which consumes conse-
quently more elements such as Mo, Ti, and Ni in the
matrix of weld metal, and which will inevitably have
negative influences on the mechanical properties of
weld metal.

(2) When fatigue crack growth rate is less than 10™> mm/
cycle at the stress ratio of 0.1, roughness-induced crack
closure has a greater influence on crack growth behav-
ior of base metal than that of weld metal.

(3) When fatigue crack growth rate is less than 10™> mm/
cycle at the stress ratio of 0.9, fatigue crack in base
metal with smaller block grain size and higher density
of high-angle boundaries grows faster than weld metal
with larger block grain size.
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