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Abstract: In order to improve the wear resistance properties of copper substrate, a layer of electroplated nickel was firstly deposited 
on copper substrate, subsequently these electroplated specimens were treated by slurry pack cementation process with a slurry pack 
cementation mixture composed of TiO2 as titanizing source, pure Al powder as aluminzing source and also a reducer for titanizing, an 
activator of NH4Cl and albumen (egg white) as cohesive agent. The Ti−Al coating was fabricated on the surface of electro-deposited 
nickel layer on copper matrix followed by the slurry pack cementation process. The effects of slurry pack cementation temperature 
on the microstructures and wear resistance of Ti−Al coating were studied. The results show that the microstructure of the coating 
changed from NiAl+Ni3(Ti,Al) to NiAl +Ni3(Ti,Al)+Ni4Ti3 to Ni4Ti3+NiAl, and to NiAl+Ni3(Ti,Al)+NiTi with slurry pack 
cementation temperature ranging from 800 °C to 950 °C in 12 h. The friction coefficient of Ti−Al coating decreased and the hardness 
increased with increasing the slurry pack cementation temperature. The minimum friction coefficient was 1/3 and the minimum 
hardness was 5 times larger than that of pure copper. 
Key words: Ti−Al coating; Ni−Ti intermetallic compound; Ni−Al intermetallic compound; slurry pack cementation temperature; 
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1 Introduction 
 

Copper is widely used because of its superior 
electrical and thermal conductivity. Moreover, the 
characteristics of copper make this metal suitable for a 
great variety of metallurgical applications, such as 
continuous casting moulds, oxygen nozzles of 
steelmaking converters and slag hole in blast furnaces 
[1,2]. Due to its low hardness and poor wear resistance, it 
cannot be applied to areas needing excellent wear 
resistance or good resistance oxidation [3]. 

In order to enhance wear resistance and oxidation 
resistance of pure copper, it is often surface treated and 
alloyed. Surface treatment, as opposed to bulk alloying, 
provides an opportunity to improve the properties of pure 
copper while leaving the bulk characteristics relatively 
unchanged. Hence, a number of techniques have been 
studied in the past decade to develop an efficient process 
to deposit coatings on copper or modify the chemical 
composition of its surface [4,5]. The diffusion coating 

processes have been used widely to deposit 
high-temperature oxidation and wear resistance coatings, 
such as aluminizing [6,7], titanizing [8,9] and 
siliconizing [10−16]. However, few studies have been 
performed on employing the pack cementation process to 
fabricate the Ti−Al layer on the surface of copper. In 
comparison with other deposition techniques of coating 
on metal substrates, the pack cementation process has the 
following distinctive advantages: 1) high volume and 
economical deposition of diffusion coating with easily 
controllable thickness; 2) simultaneous deposition of 
multiple elements such as Al, Si, Cr and Ti; 3) excellent 
adhesion between the coating and the substrate; 4) being 
applicable for a wide range of shapes and size and not 
subjected to line-of-sight restrictions; 5) low 
environmental impact and low capital investment and 
low operation cost. 

In this work, the intermetallic Ni−Ti(Al) 
compounds were prepared by the slurry pack 
cementation process, and the effects of the slurry pack 
cementation temperature on the microstructure and wear  
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resistance property of the coatings were discussed. 
 
2 Experimental 
 

The plating electrolyte was a nickel sulfamate bath 
of which the composition and the range of experimental 
process parameters are shown in Table 1. The 
commercial nickel plate of 120 mm × 80 mm × 10 mm 
was used as the anode, and a copper plate of 12 mm ×      
10 mm × 2 mm was used as the cathode. The electrolyte 
temperature was maintained at room temperature. 
Cathode surface was ground with a series of Al2O3 
papers up to 800-grit, and ultrasonically cleaned in water 
bath and then dipped in a water solution of 5% H2SO4 for   
3 min followed by cleaning in water and drying in air. 

 
Table 1 Compositions of electrolyte and plating condition 

Composition Parameter 

NiSO4·6H2O 300 g/L pH 3.5−4.0

H3BO3 40 g/L Current density/(A·dm−2) 2 

NiCl2.6H2O 50 g/L Plating time/h 6 

 
After electroplating, copper coated with nickel 

plating was rinsed with water and then cleaned 
ultrasonically in acetone. In the previous studies [10], the 
slurry pack cementation powder mixtures mainly 
consisted of 32% TiO2 as titanizing source, 32% pure Al 
powder as aluminzing source and as a reducer for 
titanizing, 8% NH4Cl as an activator, albumen (egg white) 
as cohesive agent, and 28% Al2O3 powder as an 
anti-sintering reagent. Al2O3 powder is inert and does not 
take part in the process reactions. It is used to balance 
heat transfer and temperature distribution. After 
weighing and mixing, the slurry pack powder mixture 
was thoroughly ground using an alumina mortar and 
pestle and then mixed with the cohesive agent albumen 
into slurry. The slurry was thoroughly spread on the 
nickel coating by hand and then dried in vacuum at 80 
°C for 1 h. The samples in an alumina crucible, filled 
with alumina powder, were placed into the vacuum firing 
furnace which was purged three times with argon and 
then filled with argon at 1.25 MPa to avoid  oxidation. 
The furnace temperature was raised to a final depositing 
temperature of 800, 850, 900 and 950 °C at a rate of 10 
°C/min and the holding time was 12 h. The furnace was 
then cooled to room temperature at its natural rate by 
switching off its power supply while maintaining the 
argon pressure. After slurry process, the treated surface 
was cleaned to remove adhering powders. 

The microstructure was characterized with a Sirion 
field-emission scanning electron microscope SEM. Phase 
was identified by an XD-3A X-ray diffractometer with 

Cu Kα radiation, λ=1.5804 Å and scan speed of 5 (°)/min. 
Hardness of the coating was measured using HV−1000 
Vickers micro-hardness tester at a constant load of 0.98 
N(100 g) and dwelling time of 10 s. 

A WTM-2E type ball-on-disk wear testing machine 
was employed to evaluate wear resistance of copper 
substrate and the coatings. Wear tests were conducted at 
room temperature, and a Si3N4 ball (HV300 1590) was 
employed as the counterface. Wear test was carried out 
under a load of 7.5 N and a velocity of 0.2 m/s. 
Tribological behaviors of copper substrate and the 
coatings were studied through measurement of 
coefficient of friction versus sliding time. 

 
3 Results and discussion 
 
3.1 Effect of slurry pack cementation temperature on 

morphology of coatings 
Morphologies of the coatings made by the slurry 

pack cementation process with different pack 
temperatures for 12 h are shown in Fig. 1. It can be seen 
that the coating is dense with no macro-voids or cracks 
after slurry pack cementation at 800 °C, as shown in  
Fig. 1(a); on the surface of coating, a lot of pinholes and 
pits appear after slurry pack cementation reaches 850 °C, 
as shown in Fig. 1(b); when the slurry pack cementation 
reaches 900 °C, the surface of coating is coarse with 
pinholes formed at low temperature, as shown in     
Fig. 1(c); when the slurry pack temperature further 
reaches 950 °C, the size of the holes of coating becomes 
more big and surface of coating is uneven. The reason is 
that gaseous halides decomposed from the activator have 
reacted with the surface of nickel layer, and then the 
gaseous nickel chlorides have formed. Due to the 
concentration gradient, the gaseous nickel chlorides 
diffused into the pack cementation system, nickel atoms 
reacted with the gaseous halides leaving the vacancies on 
the surface of nickel layer and forming micromoles. 
Micro-holes obtain more energy and grow greatly with 
the increase of the slurry pack cementation temperature. 
 
3.2 Effect of pack cementation temperature on 

structure of coatings 
The results of X-ray diffraction of the coatings 

prepared at different slurry pack cementation 
temperatures for 12 h are shown in Fig. 2. As can be seen 
from Fig. 2, the phase structure of the coatings is mainly 
composed of the mixture of NiAl and Ni−Ti intermetallic 
compounds, and the content of Ti atoms in the Ni−Ti 
intermetallic compounds increases with increasing the 
slurry pack cementation temperature. It is also revealed 
that the diffraction peaks of Ni appear with the slurry 
pack temperature ranging from 800 °C to 850 °C. 
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Fig. 1 SEM images of coating prepared at different packing temperatures: (a) 800 °C; (b) 850 °C; (c) 900 °C; (d) 950 °C 
 

 
Fig. 2 XRD patterns of surface of coating after slurry pack cementation at different packing temperature: (a) 800 °C; (b) 850 °C;   
(c) 900 °C; (d) 950 °C 
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Perhaps the reason is that the thickness of coating is too 
thin and the X-ray penetrates into the coatings. 

The pack cementation process can be divided into 
four interrelated steps [17]: 1) a thermodynamic 
equilibrium state between the activator and the master 
alloy, which determines the vapor pressure of the active 
gaseous species in the pack; 2) the gaseous diffusion of 
the metal halides from the pack to the substrate surface, 
driven by the chemical potential gradients in the gas 
phase; 3) surface reactions at the substrate to deposit the 
coating elements and form the vapor product; and 4) 
solid-state diffusion of the coating elements into the 
substrate. 

In the slurry pack cementation process, NH4Cl 
firstly dissociates into NH3 and HCl at temperature 
higher than 340 °C, as shown in reaction (1): 
 
NH4Cl(s)=NH3(g)+HCl(g)                     (1) 
 

With the increase of the slurry pack cementation 
temperature, Al2O3+Ti system is more thermo- 
dynamically stable than TiO2−Al system, and the 
element Al begins to reduce TiO2 into Ti via the 
following conversion reaction: 
 
3TiO2+4Al=3Ti+2Al2O3                        (2) 
 

The element Al in the mixture powders performs 
two roles: the one is that the element Al reacts with HCl 
to form the gaseous aluminum chlorides (AlClx, x=1−3) 
[18], and then the active Al atoms diffuse into the nickel 
plating before depositing Ti atoms; the other is that the 
element Al is used as reducer, reducing TiO2 to Ti. At the 
slurry pack cementation temperature of 800 °C, the 
content of Ti atoms reduced by reaction (2) is lower and 
consequently the content of gaseous titanium chlorides is 
also lower, the fraction of Al atoms in Ni3Al intermetallic 
was replaced by Ti atoms, and then intermetallic 
compound Ni3(Ti,Al) was formed, as shown in Fig. 2(a). 
With the increase of temperature, the content of Ti atoms 
previously reduced by reaction (2) got increase and as a 
result, the content of gaseous titanium chlorides also 
increased. This is favor of the thermodynamics for Ti 
atoms depositing and diffusion. When the slurry pack 
cementation temperature reaches 850 °C, the content of 
Ti atoms reduced by reaction (2) increased, the content 
of gaseous titanium chlorides also increased, which 
favors for the thermodynamics of Ti elements depositing 
and diffusion. As the concentration of Ti increased, in 
surface layer, the intermetallic Ni4Ti3 phase is formed, as 
shown in Fig. 2(b). When the slurry pack temperature 
further reaches 950 °C, subsequently further supply of Ti 
reduced by Al from the pack medium will result in the 
formation of NiTi phase, as shown in Fig. 2(d). 

3.3 Effect of pack cementation temperature on wear 
resistance of coatings 

Figure 3 shows the hardness of coatings and the 
friction coefficient curves versus sliding time, 
respectively. Figure 3(a) illustrates that the hardness of 
coatings increases with increasing the packing 
temperature. The minimum hardness of coating made at 
800 °C is 5 times larger than that of copper substrate 
(HV 70). This is attributed to formation of the Ni−Ti(Al) 
intermetallic coating during the slurry pack cementation 
process. 
 

 
Fig. 3 Effect of packing temperature on microhardness (a) and 
friction coefficient (b) of Ti−Al coating 

 
Figure 3(b) shows the friction coefficient of 

coatings and copper matrix under a load of 7.5 N for 0.5 
h. It can be seen that the coefficient of the coating 
decreases with increasing the slurry pack cementation 
temperature. The coating packed at 800 °C shows a 
relatively constant value of 0.50; the friction coefficient 
of coating decreases from 0.42 to 0.30; when the pack 
cementation temperature increases from 850 °C to 950 
°C, the maximum value is still significantly lower than 
that of copper matrix, around 0.83. The lower coefficient 
of friction in coatings can be explained by the formation 
of Ni−Ti(Al) intermetallic compound coatings having a 
higher hardness and a lower friction inherent 
characteristic. 

Figure 4 shows the worn surface of coatings made 
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Fig. 4 SEM images showing worn surface on Ti−Al coatings prepared at different slurry pack temperatures: ( a) 800 °C; (b) 850 °C; 
(c) 900 °C; (d) 950 °C 
 
at different slurry pack cementation temperatures. It can 
be seen that the worn surface of coatings is smooth and 
no cracks or pits are observed when the pack temperature 
ranges from 800 °C to 900 °C; the worn surface is coarse 
with a lot of micro-holes at 950 °C, which is agreement 
with the result of surface morphology analysis      
(Fig. 1(d)). 
 
4 Conclusions 
 

1) Ti−Al intermetallic compound coating is formed 
on the surface of copper plated nickel layer and followed 
by the slurry pack cementation process, and the coating 
becomes loose with increasing the slurry pack 
temperature. 

2) When the slurry pack temperature increases from 
800 °C to 950 °C, the structure of the coatings changes 
from NiAl+Ni3(Ti,Al) to NiAl+Ni3(Ti,Al)+Ni4Ti3 to 
Ni4Ti3+NiAl to NiAl +Ni3(Ti,Al)+NiTi, and the NiAl 
intermetallic compound is the main phase. 

3) The friction coefficient of the coating decreases 
from 0.50 to 0.30 with increasing the slurry pack 
cementation temperature from 800 to 950 °C. The 
minimum friction coefficient of coating is 1/3 and the 
minimum hardness is 5 times larger than that of pure 
copper. 
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包渗温度对 Ti−Al 渗层组织和耐磨性能的影响 
 

王红星，张 炎，杨少锋，柳秉毅 
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摘  要：为了提高纯铜表面的耐磨性能，采用电镀/浆料包渗相结合的方法，以 TiO2 粉为渗 Ti 源，纯 Al 粉为

还原剂，在 Cu 表面预镀 Ni 随后表面浆料包渗 Ti−Al，制备 Ti−Al 共渗层。研究了包渗温度对 Ti−Al 渗层组织

和耐磨性能的影响。采用 SEM 和 XRD 分析了渗层表面形貌和结构。结果表明：在 800~950 °C 共渗 12 h 时，随

着温度的升高，渗层组织变化过程为 NiAl+Ni3(Ti,Al)→NiAl+Ni3(Ti,Al)+Ni4Ti3→Ni4Ti3+NiAl→NiAl+Ni3(Ti,Al)+ 

NiTi；Ti−Al 渗层的摩擦因数随着包渗温度的升高而降低，最小摩擦因数约为纯铜的 1/3，最小硬度为纯铜的 5

倍。 

关键词：Ti−Al 共渗层；Ni−Ti 金属间化合物；Ni−Al 金属间化合物；料浆包渗温度；耐磨性能 
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