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Abstract In this work, TiC–Cr overlay formed by plasma

transferred arc alloying was subjected to tempering treat-

ment at 473, 673, and 873 K for 2 h, respectively. XRD was

employed to investigate phase transformation, determine

the austenite proportion and evaluate the crystallite size.

Microstructure investigation by SEM and TEM, microh-

ardness and fatigue test were performed on as-deposited

condition and after tempering. Evolution of microstructure

as well as its relationship with microhardness and fatigue

property of coating was described. The results suggest that

both microhardness and fatigue strength could be improved

by tempering at 473 K; however, further elevation of the

temperature directs degradation. Based on the Weibull

distribution, tempering treatment increases the slope of

fitting line, which suggests that fatigue life becomes more

predictable.

Introduction

During the last years, the materials demand gave rise to an

important improvement in the techniques to modify sur-

face. High energy beam alloying like laser, electron beam,

and plasma transferred arc (PTA) is one of the techniques,

which have been generally used. Although the hardness

[1–4], wear resistance [5–7] erosion resistance [8, 9]

could be increased by selecting appropriate alloying

material and optimizing processing parameters, there was

a common problem existed that the alloying overlay

represented a state of high residual stress, low toughness,

and poor ductile [10–12]. For industrial-utilized compo-

nents which served in the life range from 102 to 106

cycles, fatigue property after alloying should be highly

considered. In order to get a well combination of micro-

structure and fatigue strength, tempering is an attractive

option for the reason that it is a convenient and could

proceed by a sequence of structural changes, including

recovery of the dislocation and precipitation of carbides

[13–17].

Various research works have been focused on the effect

of subsequent heat treatment on alloying sample. Beaurin

et al. [18], in the working on influence of subsequent heat

treatment durations, reported that the microstructure of

alloying sample was not significantly affected by a short

time treatment whereas changes were observed for longer

durations, although hardness remains almost unchanged. Li

et al. [19] studied the heat treatment on mechanical prop-

erties of PTA alloying by nano-indentation test. They

concluded that hardness and elastic modulus of subsequent

heat-treated coatings were generally lower than those of

as-alloying conditions as a result of the dissolution of the

eutectic structure which decreased the effect of dispersion

strengthening. Wu et al. [20] used TEM to verify that in

situ carbide transformations of primary M7C3 to M23C6 and

eutectic M7C3 to M6C, respectively, occurred in alloying

zone (AZ) during tempering. Similar observations on the

topology and morphology of secondary carbide precipita-

tion were made by Zhang et al. [21] and Wang et al. [22],

they studied the phase transformation of Fe-based alloying

coating and proposed the evolution sequence of the phase
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with the elevation of temperature as follows: L ? c ?

L ? c ? (c ? (Cr,Fe)7C3) ? (c ? (Cr,Fe)23C6 ? a).

The vast majority of experimental efforts have applied

to the transformation of the microstructure and the mor-

phology of the precipitation at the AZ, and there were still

many unexplored points such as beside the hardness, other

properties after tempering were seldom investigated. And

most investigations were based on the subsequent treat-

ment study of laser alloying, very limited literature was

available on PTA even though its advantages are well

established [1, 2]. Therefore, in the present work, we

carried out different tempering temperatures on PTA

alloying TiC–Cr to explore for a close control of the

microstructure and fatigue property. The effort was

focused on not only calculating phase volume fraction

variation of AZ, but also discussing the microstructure

transformation of heat affected zone (HAZ). In addition,

the effect of tempering on fatigue life was studied by

Weibull distribution plots.

Experimental

Experimental material

For this work, a low-alloyed gray cast iron code named

HT200 was used. It was obtained from the casting of a

failed bower with a chemical composition shown in

Table 1. The TiC powder and Cr powder were selected as

alloying materials in the ratio of 7:3 (wt%). Before

blending, the sizes of TiC powder and Cr powder were

ranged from 2 to 20 lm and 50 to 120 lm, respectively.

And steel balls were fed into the mixing jar to increase

uniformity of the powders, which were mixed for 24 h.

Sample preparation and fatigue investigation

Experimental samples of 180 mm length, 30 mm width

and 3 mm thickness were cut by electric spark machine.

The PTA alloying was prepared by a self-designed PTA

surface modification machinery on both sides with the arc

traversing in a direction perpendicular to fatigue crack

growth, and the operating parameters as well as schematic

of modification process were given in elsewhere [23, 24].

After the PTA alloying, the specimens were classified into

four groups. The first remained the original status, while

other three groups were subjected to the tempering treat-

ment at 473, 673, and 873 K separately (heated at 10

K/min to the temper temperature, holding for 2 h before

air-cooling down to ambient temperature).

To study the effect of tempering on fatigue life, eight

samples for each category were prepared, employed as

single cracked edge tension (SECT) specimens. Its con-

figuration is shown in Fig. 1. The experiment was carried

on the closed-loop servo-hydraulic mechanical test

machines, which had a capacity of 98 kN under computer

control. All specimens were tested in laboratory air at the

room temperature and relative humidity 40–50%. A con-

stant stress amplitude (R = 0.1) and a sinusoidal load of

frequency 10 Hz were applied throughout this study.

Characterization of temper effect

The temper effect on microstructure, microhardness, and

phase transformation was studied under the following

procedures. Transverse sections of different groups were

cut parallel to the length direction, and standard methods of

metallography were followed. The microstructure and

element distribution were examined by Quanta 200 scan-

ning electronic microscope (SEM). X-ray diffraction

(XRD) was carried out to identify phase transformation

with Cu Ka standard (k = 1.5403 Å) radiation at the

scanning speed of 0.3�/min on PANalytical X’Pert PRO

diffractometer. The thin foils prepared for transmission

electron microscope (TEM) observation were cut from the

top of the AZ, and polished by mechanical grinding to

50 lm, then followed by ion milling at an angle of 10�
under a voltage of 5.5 kV. TEM was carried out by a

Tecnai G2 20 transmission electron microscope. Besides, a

Vickers Micro-hardness Tester (DHV-1000, manufactured

by Shanghai Shangcai Tester machine Co. Ltd, China) was

used for the microhardness measurement.

Measurement of the volume fraction of the retained

austenite and crystallite size

In this contest, the volume fraction of austenite (c-Fe) as

well as the sum of ferrite (a-Fe) and martensite (M) in the

AZ was characterized by XRD, based on analysis of the

Table 1 Chemical composition of HT200 gray cast iron (wt%)

Compositions C Si Mn P S Cu Cr Fe

Content 3.250 1.570 0.920 0.060 0.059 0.500 0.270 Bal.

Fig. 1 Configuration of specimens employed for fatigue life study
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a/M(110) and c(111) diffraction peaks, according to the fol-

lowing Eq. 1 [17]:

Vc ¼
1� CVF

1þ K Ia=Mð110Þ
�
Icð111Þ

� �� 100% ð1Þ

where Vc, volume fraction of the retained austenite, CVF

carbide volume fraction which can be obtained by image

analysis using Photoshop and Image-Pro-Plus, according to

Ref. [25]; Ia/M(110) and Ic(111), the integrated intensity of

a-Fe/martensite and austenite diffraction peaks; K, the

scale factor that can be obtained using the following

equations [26, 27]:

Ra=M;c ¼
1

v2
Fj j2P

1þ cos22h

sin2 h cosh

� �� �
e�2M

2l

� �
ð2Þ

K ¼ Rc

RaðMÞ
ð3Þ

where v is the unit cell volume of the certain phase, F is the

structure factor, P is the multiplicity, h is the angle of the

peak, l is the coefficient of absorption, and e-2M is the

Debye–Waller temperature factor. The ratio of Ia/M(110)/

Ic(111) and the scale factor K for each category are shown in

Table 2. And the volume fraction satisfies the following

relationship:

CVFþ Vc þ Va=M ¼ 1 ð4Þ
Moreover, based on the XRD pattern, the true integral

breadth (b) of each XRD peak profile was elevated after

correcting for the Debye–Waller factor at that particular

temperature and also for the instrumental broadening

contribution [13]. The Scherrer equation was used to cal-

culate the crystallite size (Ds) [28]:

Ds ¼
Kk

bcosh
ð5Þ

where K is Scherrer constant (0.89 in this study), k is X-ray

wavelength, and h is the reflection angle of the peak.

Results and discussion

Microstructure

The cross-section morphology of the harden layer produced

by PTA alloying TiC–Cr is illustrated in Fig. 2. The

overlay has a good metallurgical bond with the matrix by

molten pool, having a thickness of 0.3–0.5 mm and free of

cracks as well as porosities. The microstructural feature of

PTA alloying overlay has two obvious boundaries which

separate the cross-section into three zones: AZ, HAZ, and

matrix.

Effect of tempering temperature on microstructural

development of AZ

The transformation of AZ’s microstructure between PTA

alloying and subsequent heat treatment is illustrated in

Fig. 3. Figure 3a shows the non-heat treatment micro-

structure, which consists of primary retained austenite,

martensite, a large number of precipitations (bright spots)

and a eutectic of (Fe,Cr)7C3 carbide (dark spots) and

retained austenite. TEM (Fig. 4) confirms that the uni-

formly distributed precipitation (bright spots) is TiC, hav-

ing a FCC crystal structure with a lattice parameter

a = 0.43 nm, consistent with Lin’s literature [29]. A mass

of retained austenite cell was attributed to high content of

alloying elements and carbon that can decrease the mar-

tensite start temperature Ms and inhibit pearlite formation

[30]. Temper of the PTA alloying samples at 473 K has

caused drastic changes in the austenite cell. Figure 3b

depicts that the resulting microstructure is a great amount

of needles like tempered martensitic structure formed

within the primary retained austenite cell. The eutectic

mixture of (Fe,Cr)7C3 and retained austenite remained at

AZ, which implied that the energy such temperature

offered was not sufficient to encourage formation of new

carbide or the transformation into new carbides phases.

However, after being tempered at 673 K (Fig. 3c), the

Fig. 2 Cross-section morphology of PTA alloying

Table 2 The ratio of Ia/M(110)/Ic(111) as well as the value of K between

Ia/M(110) and Ic(111)

Tempered temperature Untreated 473 K 673 K 873 K

Ia/M(110)/Ic(111) 0.6391 1.0191 1.5553 –

K 0.7732 0.7737 0.7785 0.7798
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eutectic mixture is partially decomposed and the austenite

cell is further refined accompanied by formation of

(Fe,Cr)23C6 secondary carbides at the boundary. The

observation was compatibility with the research of Wu [20]

and Zhang [21]. Powell [31] explained the thermodynam-

ically unfavorable formation of M23C6 in terms of crys-

tallographic matching between the lattice parameters of the

carbide and the cubic matrix crystal structure. Such a

matching lowers the activation energy that is essential for

nucleation and, thus, reduces the overall involved surface

energy. The magnification of the AZ microstructure after

843 K tempered showed that the non-directional refined

austenite cell structure (Fig. 3c) changes into directional

continuous grained ferrite (Fig. 3d). The dissolution of

high carbon enriched retained austenite caused further

participating and growing of (Fe,Cr)23C6 secondary

Fig. 3 Microstructure of AZ: a PTA alloyed, b tempered at 473 K, c tempered at 673 K, d tempered at 873 K

Fig. 4 TEM observation of TiC (a) and its corresponding electron diffraction (b)
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carbides. Through the analysis of the images of AZ, car-

bide proportion can be obtained, as shown in Table 3. The

uncertainty of the carbide volume fraction is the statistical

error of n which is the times of measurement in different

regions of the sample. Considering a normal distribution,

the error is calculated by using the following equation,

which has been suggested in Refs. [32, 33]:

DCVF ¼ �3
r
ffiffiffiffiffiffiffiffiffiffiffi
n� 1
p 90% of confidenceð Þ ð6Þ

where r is standard deviation and n is the number of

quantification.

XRD analysis of AZ (Fig. 5) confirms the presence of

TiC, (Fe,Cr)7C3, martensite and a considerable amount of

of c-Fe. After tempering treatment, a-Fe and (Fe,Cr)23C6

were produced. By comparison, the peak intensities of c-Fe

after subsequent tempering treatment becomes weaker than

the un-treated; at the same time, the peak intensities of

a-Fe/martensite gradually increases and (Fe,Cr)7C3 trans-

forms into (Fe,Cr)23C6. XRD pattern of sample tempered at

873 K presents only ferrite peaks without austenite peak,

probably because the austenite fraction is lower than 5%,

which is known to be the average limit of detection by

XRD [32]. Moreover, the dissolution of TiC is observed

with the temperature increasing. According to Eq. 1 and

CVF, the volume fractions (Table 3) of the retained aus-

tenite were obtained by calculating intensity of the a(110)

and c(111). Additionally, the crystallite sizes of each phase

(Table 4) were investigated.

Figure 6 is depicted based on the data from Tables 3 and

4, showing the austenite volume fraction and austenite

crystallite size of different treatments. It indicates that with

the tempering temperature increasing, both of them

decline, attributed to the dissolving out of carbides and the

transformation of austenite. Considering its evolution, it is

noteworthy that the temperature ranging from 673 to 873 K

is favorable for austenite transforming. The results were

consisted with PARDAL’s [26] work. Additionally, he/she

pointed out the volume fraction was related to subsequent

heat treatment time, which satisfied in an exponential

function. According to the Hall–Petch relation, the refine-

ment of the austenite after the tempering treatment might

improve the mechanical properties of specimens. For

instances, Ref. [34] reported that the carbon enriched

Fig. 5 X-ray diffraction pattern

of AZ before and after

tempering

Table 3 Temper effect on CVF as well as the volume fractions of the

retained austenite and a-Fe/martensite

Tempered

temperature

CVF (%) Vc (%) Va/M (%)

Untreated 3.20 ± 0.34 64.86 ± 0.06 31.94 ± 0.40

473 K 5.33 ± 0.77 52.93 ± 0.05 41.74 ± 0.83

673 K 2.25 ± 0.12 44.18 ± 0.04 53.57 ± 0.16

873 K 6.92 ± 0.31 \5 [87.77

724 J Mater Sci (2012) 47:720–729
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austenite which distributed uniformly tended to relax the

stress of the crack tip and the refined microstructure of

austenite could retard the propagation of fatigue cracks

[35].

Figure 7 shows the effect of heat treatment temperature

on the XRD profiles associated with the (110) reflections of

a-Fe/martensite for samples. It indicates that the peak shifts

towards high angles in a small way when the temperature

rose from RT to 673 K. Reference [15] argued this phe-

nomenon was related to the fact that tempered martensite

evolved towards body centered cubic by the reduction of

carbon content in solid solution. Furthermore, the reduction

of peak width results in the increase of crystallite size

[13, 28]. The increasing relative intensities of a/M(110) peak

also verified that the retained austenite trended to decrease

with the heat treatment temperature elevation.

AZ’s detailed microstructure of different heat treatments

was examined by TEM. The typical bright-field images of

PTA alloying and 473 K tempering are showed in Fig. 8a

and b, respectively, presenting that the lath-like martensite

within the retained austenite cell existed in the micro-

structure of the specimens; however, the lath-like mar-

tensite was not detected after 673 K subsequent tempering.

It also shows that subsequent heat treatment exerts a

remarkable effect on the lath thickness of the martensite.

The width of the lath-like martensite formed after PTA

alloying and 473 K subsequent tempering was measured at

the random section. The results taken by approximately 20

times measurement were 38 ± 7 nm for non-subsequent

heat treatment and 90 ± 10 nm for 473 K tempering. The

formation of a coarser tempered martensitic structure

within the retained austenite cell was caused by the fact

that martensite plates began to grow in a high rate and

nucleated with the temperature increased [36].

Effect of tempering temperature on microstructural

development of HAZ

Figure 9 shows the HAZ microstructure of non-treatment

and tempering treatment sample. After PTA alloying, the

microstructure is mainly composed of martensite with

some un-melted graphite (Fig. 9a). Comparing to a great

quantity of austenite cell existing at the AZ, high propor-

tion of martensite was in agreement with the previous work

[1, 2, 37]. Liu [38] explained by the formation of the

eutectic carbides in contact with the primary austenite at

the AZ, which led to the excessive consumption and, as a

result, depletion of C and Cr. Consequently, the Ms tem-

perature dropped with the increase of distance from the

bottom of the coating, causing the mass martensitic trans-

formation. Tempered at 473 K resulted in in situ formation

of temper pearlitic structure at the martensite plates

(Fig. 9b), whereas further increased temperature to 673 K

led martensite decompose (Fig. 9c). Figure 9d exhibited

Table 4 Temper effect on

crystallite size (Ds) of different

phases

Tempered temperature c-Fe a/M TiC (Fe,Cr)23C6

Dv(111) (nm) Dv(200) (nm) Dv(110) (nm) Dv(111) (nm) Dv(420) (nm)

Untreated 25.21 ± 0.76 21.32 ± 0.64 12.19 ± 0.61 44.13 ± 2.21 –

473 K 15.85 ± 0.63 16.29 ± 0.65 15.96 ± 0.64 24.56 ± 0.73 –

673 K 10.57 ± 0.53 10.80 ± 0.54 21.17 ± 0.63 10.32 ± 0.52 18.21 ± 0.73

873 K – – 21.29 ± 0.64 – 24.29 ± 0.73

Fig. 7 Evolution of a/M(110) peak in subsequent tempering

Fig. 6 Effect of tempering temperature on crystallite size and volume

fractions of retained austenite
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the boundary of HAZ and matrix after 873 K treatment.

Both regions showed a pearlitic structure; however, with a

comparison, it was easy to find that temper pearlite of HAZ

was much coarser. Additionally, after tempering, carbide in

the ferrite phase or concentration of carbide at the grain

boundaries, which had been reported in Ref. [21, 39], was

not found in this study.

After obtaining the XRD pattern from the AZ, each

specimen were ground by 0.3 mm from the surface layer,

and then polished. To ensure that HAZ was exposed out-

side, the samples were observed in optical microscope

before analyzing phase transformation of HAZ. The results

were shown in Fig. 10, indicating that a large amount of

martensite left at HAZ after PTA alloying; however, the

Fig. 9 Microstructure of HAZ: a PTA alloyed, b tempered at 473 K, c tempered at 673 K, d tempered at 873 K

Fig. 8 TEM bright-field images of lath-like martensite of a PTA alloying and b 473 K tempering

726 J Mater Sci (2012) 47:720–729
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strongest diffraction peak of austenite at 43.47� was not

observed. After tempering, the narrowing of diffraction

line could be obviously seen. As we have known that the

broadening of the diffraction peaks indicates the existence

of the size effect and the strain effect (dislocation) [40–43],

these effects are eliminated by heat treatment. According to

Bello [42] and Pedro [44], the removal of the strain effect

reduced the tensile residual stresses which existed at the

overlap regions.

The variation of microhardness distribution affected

by tempering temperature

Figure 11 depicts the microhardness distribution ranging

from surface of the coatings to the gray cast iron before and

after subsequent heat treatment. It can be seen that the

microhardness distribution of the PTA alloying is different

from the increased tempered temperatures. The maximum

microhardness increased from 740 to 1310 HV at 473 K

tempering; however, it decreased dramatically after tem-

perature further increased. While increasing temperature,

there are two effects completed with each other. On one

hand, the increasing higher carbon martensite devotes to

increasing hardness. On the other hand, the a-Fe content

which forms in the higher temperatures tends to reduce

hardness. In this study, the effect that 473 K tempered had a

much higher microhardness at the surface than non-heat

treatment sample was mainly attributed to the increase of

tempered martensite within c-Fe in as well as the formation

of the solid solution strengthening in the super-saturated

c-Fe solid solution (also seen Ref. [45]). After tempering at

673 K, the hardness profile was greatly below the untreated

specimen, which must be contributed to the decomposition

of tempered martensite and the transformation from the

metastable high hardness (Fe,Cr)7C3 into stable (Fe,Cr)23C6.

When tempered temperature increased to 873 K, the

Fig. 10 X-ray diffraction

pattern of HAZ before and after

tempering

Fig. 11 Microhardness profile taken across of PTA alloying before

and after tempering

J Mater Sci (2012) 47:720–729 727
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retained austenite at the AZ was totally transformed into

a-Fe and the HAZ was mainly composed of the tempered

pearlite, therefore the microhardness showed the lowest.

Additionally, while the microhardness of the surface

increased after tempered at 473 K, the microhardness of

the matrix decreased from 245 to 220 HV, suggesting that

alloying TiC–Cr could increase the softening resistance of

the surface, which agreed with previous reported litera-

tures [46, 47]. Zhang [47] claimed that the alloyed high

entropy mixing can significantly lower the free energy; as

a result, the diffusion coefficients and redistribution of the

solute elements in subsequent heat treatment decreased.

Consequently, even though the sluggish diffusion and

segregation of solute elements, the TiC–Cr inevitably

decreased the solubility and the AZ exhibited high soft-

ening resistance. Moreover, the microstructure variation

along the depth of the hard layer as well as slight gradient

of the microhardness is considered to be advantageous to

the fatigue behavior of the matrix. For instances, it has

been reported that the harden layer at the surface could

protect the matrix from low-cycle fracture, improving the

fatigue strength [48] and delaying fatigue crack initiation

[49].

Weilbull distribution on fatigue life at different temper

temperatures

Since Weibull distribution was being widely used to

evaluate failure time and fracture strength in reliability

engineering [50–52], in this study, the two-parameter

Weibull distribution was employed to characterize differ-

ences between fatigue life predictions of PTA alloying and

subsequent tempering treatment. The formula of probabil-

ity density function in this case could be written as follows:

FðNÞ ¼ 1� exp � N

Na

� �b
" #

ð7Þ

where N, fatigue life failure cycles in this study; b, slope of

Weibull distribution; Na, characteristic life or scale

parameter below which 63.2% of the data lie; F(N), failure

probability, given as F(N) = i/(n ? 1), suggested in Ref.

[53].

The parameters of Weibull distribution and reliability

analysis process were carried out by Origin 8.1 and the

detailed procedures of calculation could be found in Ref.

[52]. With the data, Fig. 12 was depicted, showing failure

probability as a function of number of cycle to failure for

PTA alloying before and after tempering specimens as well

as matrix. And it demonstrated in the term of the statistical

parentage of a specimen that had failed in the fatigue test.

For instance, the life parameter, N90, shown by a dash dot

line in the Fig. 12, suggests the lifetime when 90% of

specimens have experienced failure. Similarly, other life

parameters, Na, N10, were depicted.

The results in Fig. 12 indicate that 473 K tempering

significantly improved the fatigue life of alloying speci-

mens; however, further elevation of the temperature

directed fatigue strength degradation. Transformation of

the microstructure and redistribution of the stress were

attributed to this phenomenon. According to Bhambri work

[54], the tempered martensitic structure had the highest

resistance to fatigue crack growth followed in a decreasing

order by tempered bainite, martensite, and ferrite–pearlite

structures. On the other hand, after subsequent heat treat-

ment, the residual stresses at the surface decreased, espe-

cially a majority of tensile residual stresses in the melted

zone was eliminated [44, 55]. Moreover, there is a

noticeable variation between the slope of data distribution,

which is a measure of fatigue life dispersion, the larger the

value of the parameter, the smaller the scatter of the fatigue

life. Since the stress distribution at the crack tip is regarded

as one of the determinative to the fatigue strength, tem-

pering treatment benefits from alleviating its non-unifor-

mity [35, 49, 54]; consequently, the fatigue life of

tempering treated specimens becomes more predictable

than the untreated specimens.

Conclusion

Appropriate subsequent heat treatment after PTA alloying

could improve the microstructure and fatigue strength of

the specimen. Based on analysis and discussion, the most

significant results of this study are summarized as follows.

(1) After PTA alloying, the microstructure of AZ showed

that it consisted of primary austenite, martensite, a

Fig. 12 Weibull distribution plots on fatigue life of PTA alloying

before and after tempering as well as matrix

728 J Mater Sci (2012) 47:720–729
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eutectic of (Fe,Cr)7C3 carbide and austenite as well as

TiC. With the tempering temperature increasing, the

tempered martensite was formed in the austenite cell,

and the austenite was refined accompanied by trans-

formation from (Fe,Cr)7C3 to (Fe,Cr)23C6 as well as

dissolution of TiC.

(2) At HAZ, the microstructure PTA alloying produced

was mainly composed of martensite with some un-

melted graphite. After the tempering temperature

increased, martensite gradually decomposed with the

in situ the formation of coarser temper pearlitic

structure. XRD suggested that the size effect and the

strain effect were eliminated.

(3) 473 K temper after PTA alloying showed the highest

microhardness; however, the microhardness decreased

after temperature further increased

(4) While 473 K tempering could significantly improve

the fatigue life of alloying specimens, further eleva-

tion of the temperature directed fatigue strength

degradation. And tempering treatment improved dis-

tribution of fatigue life, making it less dispersed.
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