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MgSn0.05Ti0.95O3–SrTiO3复相陶瓷的显微结构与微波介电性能 
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摘  要：采用传统固相法制备了不同摩尔配比的(1–x)MgSn0.05Ti0.95O3–xSrTiO3微波介质复相陶瓷材料，研究了复相陶瓷的烧结特性、显微结构和微波

介电性能。结果表明：MgSn0.05Ti0.95O3和 SrTiO3两相共存，无固溶现象。随着 SrTiO3含量的增多，(1–x)MgSn0.05Ti0.95O3–xSrTiO3的相对介电常数(εr)
线性增大，品质因数(Q × f)下降，谐振频率温度系数(τf)从负值变为正值。通过调节 x值，可以获得近零的 τf值。陶瓷的 τf变化符合 Lichtenecker混合
法则。0.98MgSn0.05Ti0.95O3–0.02SrTiO3复相陶瓷在 1 330 ℃烧结 4 h，获得最佳的微波介电性能：εr

 = 19.32，Q × f = 193.527 THz，τf = −2 × 10–6/℃。 
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Microwave Dielectric Properties of MgSn0.05Ti0.95O3–SrTiO3 Multiphase Ceramics 
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Abstract: The microwave dielectric multiphase ceramics of (1–x)MgSn0.05Ti0.95O3–xSrTiO3 were prepared by a conventional 
solid-state route. The sinterability, microstructures and microwave dielectric properties of the multiphase ceramics were investigated. 
The results show that MgSn0.05Ti0.95O3 and SrTiO3 can co-exist as two phases without any solid solution. The relative dielectric con-
stant (εr) linearly increased, the quality factor (Q × f ) decreased and the value of the temperature coefficient of resonance frequency (τf) 
varied from negative to positive with the increase of SrTiO3 content. In addition, a near-zero τf value was obtained by the adjustment 
of the value of x. The variation in the the value of τf of (1–x)MgSn0.05Ti0.95O3–xSrTiO3 multiphase ceramics followed the Lichtenecker 
mixture rules. The multiphase ceramic 0.98MgSn0.05Ti0.95O3–0.02SrTiO3 sintered at 1 330  for 4℃  h had excellent microwave dielec-
tric properties (i.e., εr

 = 19.32, Q × f = 193.527 THz, τf = −2 × 10–6/ ).℃  
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近年来，微波介质陶瓷材料在手机通信、无线

局域网络、卫星直播、全球定位系统等通讯领域得

到了广泛应用[1]。为了提高通讯质量，具有高品质

因数的微波介质陶瓷材料日益受到人们重视[2]。

MgTiO3 陶瓷价格低廉、具有较高的品质因数(εr
 = 

16.8，Q × f = 160 THz，τf = −50 × 10–6/ )℃ [3]，引起了

材料研究人员的关注，因此，对其进行了大量的研

究。 
Sohn 等[4]和 Huang 等[5]研究发现采用 Co2+和

Zn2+取代MgTiO3结构中 A位的Mg2+，通过晶格畸

变和阳离子的尺寸效应可以有效地提高 MgTiO3 的

品质因数[4]，当掺杂量(摩尔分数)为 5%时，获得最
佳的介电性能：Mg0.95Co0.05TiO3 (εr

 = 16.8，Q × f = 230 

THz，τf = −54 × 10–6/ )℃ ；Mg0.95Zn0.05TiO3 (εr
 = 17.1，

Q × f = 264 THz，τf = −40.3 × 10–6/ )℃ 。Tseng等[6]采用

Sn4+取代MgTiO3结构中 B位的 Ti4+，可以提高陶瓷

的相对密度，从而提高 MgTiO3 的品质因数。当掺

杂量为 5% (摩尔分数)时，最佳的介电性能为：εr
 =  
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17.4，Q × f = 322 THz，τf = −54 × 10–6/℃。虽然 A位、
B位的离子取代可以大幅提高MgTiO3的品质因数，

但是对其谐振频率温度系数没有什么改善，仍为较

大的负值。因此，采用具有正谐振频率温度系数的

材料与MgTiO3复合，以调节其谐振频率温度系数。

已经实际应用的是采用 CaTiO3 复合，当 n(Mg): 
n(Ca) = 95:5时，0.95MgTiO3–0.05CaTiO3的介电性

能为：εr约为21，Q × f约为56 THz，τf约为0 × 10–6/℃，
但是其烧结温度过高，需要 1 400～1 450 ℃，并且

Q × f值较低。 
实验中采用 Sn取代 B位的Mg来提高MgTiO3

的致密度及其品质因数。SrTiO3
[7] (εr

 = 190，Q × f = 

4.2 THz，τf = 1 600 × 10–6/ )℃ 与 CaTiO3 (εr
 = 170，Q × 

f = 3.6 THz，τf = 800 × 10–6/ )℃ 相比，具有更高的 Q × 

f 值和更大的正谐振频率温度系数，因此，采用复

合 SrTiO3来调节其谐振频率温度系数，以期获得具

有高品质因数和近零谐振频率温度系数的 MgTiO3

基微波介质陶瓷材料。 

1  实    验 
1.1  样品制备 
以高纯 Mg(OH)2、TiO2、SnO2 和 SrCO3(均> 

99.9%，质量分数)为原料，采用传统固相法制备
(1–x)MgSn0.05Ti0.95O3–xSrTiO3复相陶瓷。 
按照MgSn0.05Ti0.95O3和SrTiO3的化学计量比分

别称取原料，各自放入尼龙罐中，加入去离子水球

磨 12 h；取出烘干后，在 1 100 ℃预烧 4 h；将预烧
后的粉料按照 (1–x)MgSn0.05Ti0.95O3–xSrTiO3 (x = 

0.01～0.05，摩尔分数)的配比称量，放入尼龙罐中，
加水球磨 12 h；烘干后，加入粉料总质量 7%的 PVA
研磨造粒，然后压制成φ 13 mm × 6 mm的圆柱状坯
体，在 1 300～1 390 ℃烧结 4 h制得陶瓷样品。 
1.2   表    征 
采用 Archimedes 法在室温下测试样品的体积

密度。用 D/Max 2500型 X射线衍射仪分析样品的
晶相组成。用 JEM-5900 型扫描电子显微镜观察样
品表面形貌并用能谱仪对样品进行微区成分分析。

采用Hakki–Coleman法[8]，使用Aglient公司 8722ET
型精密网络分析仪测量样品的介电性能。谐振频率

温度系数通过下式进行计算： 

80 25

25 80 25( )f
f f

f t t
τ −

=
× −

        (1) 

式中：f80为样品在 80 ℃的谐振频率；f25为样品在

25 ℃的谐振频率。 

2  结果与分析 
2.1  物相分析 
图 1为(1–x)MgSn0.05Ti0.95O3–xSrTiO3 (x = 0.01～

0.05)陶瓷在 1 330 ℃烧结的 X射线衍射(XRD)谱。
从图 1 中可见：样品的主晶相为 MgTiO3 (JCPDS 
06–0494)，次晶相为 SrTiO3 (JCPDS 35–0724)，另外
还有少量的MgTi2O5 (JCPDS 35–0792)。随着 x的增
加，SrTiO3的衍射峰在逐渐增强。MgTiO3为菱方晶

系，钛铁矿结构，而 SrTiO3为立方晶系，钙钛矿结

构，并且Mg2+的离子半径为 0.072 nm，Sr2+的离子

半径为 0.144 nm[9]，两者相差较大，根据形成固溶

体的离子半径比原则，MgTiO3和 SrTiO3两相不能

形成固溶体。由于二者在高温下也不发生反应，故

能够很好地复合。MgTi2O5介电性能较差(εr
 = 17.4，

Q × f = 47 THz，τf = −66 × 10–6/ )℃ [10]。MgTi2O5制备

过程中不希望获得的相，但是，通过固相法合成

MgTiO3时，该相很难被完全消除
[11]。 

 

图 1  在 1 330 ℃烧结(1–x)MgSn0.05Ti0.95O3–xSrTiO3陶瓷的 
XRD谱 

Fig. 1  XRD patterns of (1–x)MgSn0.05Ti0.95O3–xSrTiO3  
ceramics sintered at 1 330 ℃ 

 
2.2  显微结构分析 

图 2为(1–x)MgSn0.05Ti0.95O3–xSrTiO3 (x = 0.01～
0.05)陶瓷在 1 330 ℃烧结的 SEM照片。从图 2中可
以看出：不同 SrTiO3掺杂量的样品均已高度致密，

几乎没有气孔，大晶粒呈多边形紧密排列，晶界清

晰，大晶粒尺寸较均一，另有一些小晶粒较均匀地

分布在样品中。随着 SrTiO3掺杂量的增加，样品的

大晶粒尺寸没有发生明显的变化，小晶粒的数量在

逐渐增多，因此，这些小晶粒很有可能是 SrTiO3。 
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图 2  1 330 ℃烧结(1–x)MgSn0.05Ti0.95O3–xSrTiO3陶瓷的 

SEM照片 
Fig. 2  SEM micrographs of (1–x)MgSn0.05Ti0.95O3–xSrTiO3  

ceramics sintered at 1 300 ℃ 

图 3 为掺杂 4%SrTiO3的 MgSn0.05Ti0.95O3陶瓷

在 1 330 ℃烧结的 EDS谱，可以看到：小晶粒中含
有Mg、Ti、Sr、Sn 4种元素，而大晶粒中则只含有
Mg、Ti、Sn 3种元素，未检测到 Sr元素。结合图 1
中的 XRD 谱可知，小晶粒很有可能是由少量的固 

 
图 3  在 1 330 ℃烧结MgSn0.05Ti0.95O3–0.04SrTiO3陶瓷的微 

区 EDS谱 
Fig. 3  EDS spectra of MgSn0.05Ti0.95O3–0.04SrTiO3 ceramics  

sintered at 1 330 ℃ 
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溶了 Sn 离子的 MgTi2O5和大量的 SrTiO3组成的小

颗粒[12]，而大晶粒则为固溶了 Sn离子的MgTiO3。

为了进一步确定晶粒的组成，对点 A和区域 B进行
了元素的定量分析，结果如表 1。从表 1 中可见：
在点 A中，主要组分为 n(Sr):n(Ti)≈1:1的 SrTiO3，

同时含有少量固溶了 Sn离子的 n(Mg):n(Ti)≈1:2的
MgTi2O5；区域 B 为 n(Mg):n(Ti)≈1:1 的 MgSn0.05· 
Ti0.95O3。因此，小颗粒主要由 SrTiO3组成，同时也

说明 SrTiO3和MgTiO3不发生固溶，这与 XRD谱得
出的结论一致。 

 
表 1  MgSn0.05Ti0.95O3–0.04SrTiO3陶瓷中点 A和区域 B(图 

1中显示)的 EDS结果 
Table 1  EDS date of MgSn0.05Ti0.95O3–0.04SrTiO3 for spot  

A and area B in Fig. 3a 

Spot A Area B 

Atom Mole fraction/% Atom Mole fraction/% 

Mg K  3.41 Mg K 28.95 

Sn K  0.76 Sn K  1.42 

Ti K 36.52 Ti K 27.56 

Sr L 30.01 Sr L 0 

O K 29.30 O K 42.08 

 
2.3  微波介电性能分析 
图 4a为(1–x)MgSn0.05Ti0.95O3–xSrTiO3 (x = 0.01～ 

0.05)复相陶瓷在 1 330 ℃烧结的体积密度和介电常

数(εr)图。随着 SrTiO3含量的增加，样品的体积密度

在逐渐增加。从 SEM照片中可见：样品已高度致密，
气孔对致密度的影响很小，因此，样品体积密度的

增加，主要是由于 SrTiO3含量的增加，因为 SrTiO3

的密度 (5.119 g/cm3)大于 MgTiO3 的密度 (3.894 

g/cm3)。样品的介电常数随着 SrTiO3含量的增加呈

线性增加，从 18.51 增加到 21.56。根据 Clausius- 
Mossotti 公式，单位体积内的离子极化率增加将提
高样品的介电常数。由于 Sr2+具有较大的离子极化

率，使得样品总的离子极化率在增加，从而使样品

的介电常数一直增大。 
图 4b 为(1–x)MgSn0.05Ti0.95O3–xSrTiO3 (x = 

0.01～0.05)复相陶瓷在 1 330 ℃烧结的 Q × f值和谐
振频率温度系数(τf)图。材料的微波介电损耗(1/Q)
包含材料本征损耗和非本征损耗，本征损耗取决于

晶体本身[13]，而非本征损耗则与材料中的缺陷有

关，如：气孔、第二相、晶粒的均一性、晶体缺陷

等[14]。随着 SrTiO3含量的增加，Q × f值呈明显下降
趋势(从 245.451 THz 降到 47.113 THz)，这是由于
SrTiO3的晶粒尺寸较小，复合后使得样品的晶粒尺 

 
图 4  (1–x)MgSn0.05Ti0.95O3–xSrTiO3陶瓷的体积密度与介电 

常数 εr和 Q × f与 τf 
Fig. 4  Bulk density and dielectric constant εr and Q × f and τf  

of (1–x)MgSn0.05Ti0.95O3–xSrTiO3 ceramics as a func-
tion of SrTiO3 content (x) 

 
寸不均匀，两相晶界处产生大量缺陷，增加了样品

中的非本征损耗，使得 Q × f值下降；谐振频率温度
系数主要与材料的组成和第二相有关[15]。样品的 τf
值随着 SrTiO3含量的增加呈线性增加，τf值由–22 × 

10–6/℃变为 61 × 10–6/℃。这是由于 SrTiO3的 τf值为
较大的正值 1600 × 10–6/℃，MgSn0.05Ti0.95O3的 τf值
为–54 × 10–6/℃，根据 Lichtenecker混合定律[16]： 

1 21 2f f fv vτ τ τ= +            (2) 

式中：τf1，τf2为相应系统的介电常数；v1，v2为原系

统在复合系统中的体积分数，v1+v2
 = 1。少量的

SrTiO3复合也会引起 τf值的较大变化，使得样品的
τf 值变为正值。说明 SrTiO3 复合可以有效调节

MgSn0.05Ti0.95O3的 τf值，在复合 2% SrTiO3时，样

品的 τf值为–2 × 10–6/℃。 
根据以上研究，0.98MgSn0.05Ti0.95O3–0.02SrTiO3

复相陶瓷具有最佳的微波介电性能：εr
 = 19.32，Q × 
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f = 193.527 THz，τf = −2 × 10–6/℃。为了研究温度对
0.98MgSn0.05Ti0.95O3–0.02SrTiO3 陶瓷介电性能的影

响，表 2 给出了 0.98MgSn0.05Ti0.95O3–0.02SrTiO3陶

瓷在不同温度下烧结的介电性能。随着温度的升高，

样品的 τf值变化不大，说明温度对样品 τf值的影响
很小。而样品的介电常数和 Q × f值均呈现出先增
大后减小的趋势，这与样品体积密度的变化趋势一

致，且三者均在 1 330 ℃时达到极值。当烧结温度

为 1 390 ℃时，导致部分晶粒生长过快，使得MgTiO3

和 SrTiO3 2相不能很好地复合，形成大量气孔，从
而使样品体积密度迅速下降，介电常数和 Q × f值严
重恶化。因此 0.98MgSn0.05Ti0.95O3–0.02SrTiO3复相

陶瓷的致密度是影响其介电常数和 Q × f 值的主要
因素。 

 
表 2  在不同烧结温度 0.98MgSn0.05Ti0.95O3–0.02SrTiO3陶瓷 

的介电性能 
Table 2  Dielectric properties of 0.98MgSn0.05Ti0.95O3–0.02Sr·  

TiO3 ceramics sintered at different temperatures 

Sintering tem-
perature/℃ 

Bulk density/ 
(g·cm–3) 

Porosity/% εr 
Q × f value/

THz 
τf × 106/
℃–1 

1 300 3.89  5.4 18.96 141.103 –3 

1 330 3.94  3.9 19.32 193.527 –2 

1 360 3.92  4.2 19.06 111.816 –2 

1 390 3.83 11.2 18.18  39.166 –6 

 

3  结    论 
利用固相法制备了不同配比的(1–x)MgSn0.05· 

Ti0.95O3–xSrTiO3复相陶瓷，通过调节 x 值，获得谐
振温度频率系数 τf 近零的介质材料。SrTiO3 和

MgSn0.05Ti0.95O3在 1 330 ℃能很好地复合，当 x = 0.2
时，获得最佳的介电性能：εr

 = 19.32，Q × f = 193.527 

THz，τf = −2 × 10–6/℃。相对于 0.95MgTiO3–0.05CaTiO3

复相陶瓷，0.98MgSn0.05Ti0.95O3–0.02SrTiO3 复相陶

瓷烧结温度更低，具有较高的品质因数，将其作为

一种微波介质陶瓷材料具有很好的应用前景。 
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原位反应法制备 Cr2AlC-Fe复合材料 
 

陈新华，翟洪祥，王文娟，黄振莺 
(北京交通大学，北京 100044) 

 
摘  要：采用原位反应法制备了 Cr2AlC-Fe系复合材料，并采用热分析、X射线衍射、扫描电子显微镜和三点弯曲实验，研究了原位反应的烧结工艺
对产物和显微结构的影响，以及对原料中 Cr2AlC的含量对复合材料性能的影响。结果表明：通过高温原位反应，原料中 Cr2AlC发生了分解，形成了
网络状陶瓷增强结构，所制备的复合材料具有较好的强度和韧性，且随着 Cr2AlC 含量的增加，复合材料的强度也在增加，但断裂韧性逐渐下降。当
Cr2AlC的体积分数达到 30%时，复合材料的抗弯强度达 1 417 MPa。 
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Fabrication of Cr2AlC Fe-based Composites by in-situ Reaction Method 

 
CHEN Xinhua，ZHAI Hongxiang，WANG Wenjuan，HUANG Zhenying 

(Center of Materials Science and Engineering, School of Mechanical and Electronic Control Engineering,  
Beijing Jiaotong University, Beijing 100044) 

 
Abstract: A Cr2AlC-Fe composite, which could have potential applications in nuclear energy industry as engineering materials, was 
synthesized by an in-situ reaction method. The in-situ reactions between Cr2AlC and Fe at different temperatures and ratios were ana-
lyzed by thermogravimetric analysis-differential thermal analysis, X-ray diffraction and scanning electron microscopy, respectively. 
The effect of s Cr2AlC content on the bending behaviors was investigated. The results show that Cr2AlC can in-situ react with Fe, and 
decompose to form chromium carbide. The synthesized composite exhibits a higher flexural strength and a greater fracture toughness 
at room temperature. 

 
Key words: based composites; in situ reaction; sintering; bending behaviors 

 

1  Intruduction 
Combine with the unique desirable properties of a sin-

gle metal or ceramic material and offsetting each other's 
deficiencies, composites can be used as the engineering 
materials for extreme environment of nuclear energy in-
dustry, mining industry, chemical and metallurgical in-
dustry and so on.[1–3] The reinforcing ceramic particulates 
include Al2O3, TiC, Si3N4, WC, etc..[4–8] Although those 
traditional ceramic reinforcements own high strength, 
they have low fracture toughness, poor wetting, inconsis-
tency of linear expansion coefficient with iron, and are 
hard to be machined by using normal tools. 

Recently, Cr2AlC and related composites have at-
tracted increasing attention,[9–13] which belong to a new 

type of ternary structures advance ceramics so called 
MAX phase. Compared with traditional ceramic rein-
forcing agents, these kinds of ceramics possess unique 
crystal laminated structure as graphite. In the Cr2AlC 
crystal structure, the Cr atoms and C atoms form two 
common edges Cr6C tetrahedron with strong ionic bond 
are separated by Al atomic planes,[14] and the link be-
tween Al atomic planes and Cr6C tetrahedron are weak 
Cr–Al metallic bond.[15–16] This structure lead the Cr2AlC 
phase combinational properties of both metals and ce-
ramics, such as low density, high modulus, easy ma-
chinability, good electrical and thermal conductivity, ex-
cellent thermal shock and high-temperature oxidation 
resistance, but also can react with Fe by the technique of 
in situ reaction method,[17–19] which is a process where 

 
收稿日期：2012–04–23。    修订日期：2012–09–25。 
基金项目：国家“863”项目(2006AA03Z527)。 
第一作者：陈新华(1983—)，男，博士研究生。 

 
Received date: 2012–04–23.    Revised date: 2012–09–25. 
First author: CHEN Xinhua (1983–), male, Ph.D., Candidate. 
E-mail: 07116311@bjtu.edu.cn 

   

第 41卷第 1期 
2 0 1 3 年 1 月 

硅  酸  盐  学  报 
JOURNAL OF THE CHINESE CERAMIC SOCIETY 

Vol. 41，No. 1 
January，2013 



陈新华 等：原位反应法制备 Cr2AlC-Fe复合材料 · 35 ·第 41卷第 1期 

reinforcements are synthesized in metallic matrix by 
chemical reactions, and ensured the introduction of 
chemical bonding force in the interface of the reinforce-
ments and the metal matrix, and the high performance 
bonding will make the external applied stress transferred 
from the matrix to the reinforcements. Zhang et al.[20] 
nosed out that the reaction between Cu and Ti3AlC2 form 
TiCx and Cu (Al) above 950 ℃. Our previous work[21–24] 
shows that the incorporation of Ti3SiC2 or Ti3AlC2 with 
Cu increase the strength and modulus as well as wear 
resistance without the loss of conductivity and meet the 
requirements of applications in electrical sliding contacts 
in high-speed railway. In fact, similar reactions also exist 
between the Cr2AlC with Fe matrix. 

Hence, this paper intends to report on processing and 
property of Fe-based Metal Matrix Composites (MMCs) 
using the Cr2AlC, which is a type member of the MAX 
phase ceramics, as precursor in the raw material. By us-
ing this in-situ reaction method, the Cr2AlC ceramic par-
ticles might decompose to fine chromium carbide rein-
forcing agents. Different from the traditional direct syn-
thesis methods, this method has several advantages, such 
as the better link between the reinforcing agents with the 
matrix, and the easier distributed evenly of the reinforc-
ing agents, and so on. 

2  Experimental 
Reduced iron powders (purity 99.5%, size < 74 μm, 

Beijing Chemical Reagent Company) and Cr2AlC pow-
ders (purity > 97%, average size 5.197 μm, the details can 
be found elsewhere[10]) are mixed for 10 h in plastic cans 
to ensure homogeneous reactant mixtures. The Cr2AlC 
particle powders size measurement was performed on 
laser diffraction particle size analyzer (Mastersizer 2000, 
Malvern, Britain). Then, the mixed powders were hot- 
pressed (HP) at 1 300 ℃ under 30 MPa for 30 min in 
flowing argon gas. The flexural strength of the compos-
ites was tested by three-point bending method by GB/T 
6569–1986, and the fracture toughness was tested by 
single edge notched and three-point bending method 
(SENB). The final samples were cut into blocks with di-
mensions of 3 mm × 4 mm × 36 mm for bending tests, of 4 

mm × 6 mm × 36 mm for SENB tests, the both tests were 
performed on a universal testing machine (ZWICK, Z005) 
at a loading speed of 0.5 mm/min. According to the standard 
force and displacement from the universal testing machine, 
the bending strength and fracture toughness of the compos-
ites are calculated from following equations respectively: 

tr 2

3
2

FLR
bh

=    (1) 

IC 2

2 3 4

2 3 4

3 (1.93 3.07
2

          14.53 25.07 25.80 )

FL aK a
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h h h

= × − +

− +
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where Rtr and KIC are the flexural strength and fracture 
toughness of the composites respectively, F is the force 
required to the fracture, L is the distance between the 
fulcrums, b and h are the width and thickness of the sam-
ples respectively, a is the crack length of the composites, 
here is 2.8 mm. 

After the bending tests, the specimens were analyzed 
by a scanning electron microscopy (SEM)(JSM–6460). 

3  Results and discussion 
Figure 1 shows the TG–DTA curve of 30%Cr2AlC/ 

70%Fe system and the DTA curves of pure Fe. In the 
TG–DTA curve of 30%Cr2AlC/70%Fe system, there are 
no obvious changes in the weight during the reaction 
between Cr2AlC and Fe, which indicates that there is no 
obvious change in the weight during the reaction between 
Cr2AlC and Fe. In the DTA curve 30%Cr2AlC/ 70%Fe 
system, two endothermic peaks sat 763.5 ℃and 914.5 ℃

can be observed. For the endothermic peaks, compare to 
the DTA curves of pure Fe, one can notice that almost 
same endothermic peaks at 770.21and 915.24 ℃  are 
observed in the DTA curves of Fe. Hence, it can be con-
cluded that two endothermic peaks at 763.1 ℃and 913 

℃ are probably ascribed to the phase transition of Fe. 
Indeed, according to the Fe–Al phase diagrams,[25] it can 
be seen the magnetic transition temperature (Tc) of Fe at 
770 ℃and the transformation of α-Fe to γ-Fe at 912 ℃ 
are in good agreement with our results here. Above 914.5 

, the ℃ endothermic reaction is predominant and there 
was no new obvious peak. The different phase coposi-
tions at different temperatures were made certain by the 
analyzing of XRD. 

 

Fig. 1  TG–DTA curves for 30% Cr2AlC/70%Fe and DTA  
curves for pure Fe powder in argon atmosphere 

 
Figure 2 shows the XRD patterns of samples of 

30%Cr2AlC/70%Fe composites sintering at the tempera-
tures from 1 000 ℃ to 1 400 under 30℃  MPa for 30 min. 
The results show that, when the sintering temperature is 
between 1 000 to 1 300 , the peaks from Cr℃ 2AlC disap- 
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Fig. 2  XRD patterns of Cr2AlC powders and samples of  

30%Cr2AlC/70%Fe composites sintered at 1 000 to  
1 400 ℃ 

 
peared and the main phases were stability of (Cr,Fe)7C3 
and Fe (Al). As the sintering temperature continued rise 
to 1 400 , the intensity of the diffraction peaks from Fe ℃

(Al) was growing substantially, and great contraction 
deformation has emerged in the samples after sintering at 
1 400 ℃, this phenomenon indicating that the ceramic 
segregation had occurred at this high temperature. So the 
temperature from 1 000 to 1 300 ℃ is the appropriate 
sintering temperature range. 

Figure 3 shows the XRD patterns of samples of 
Cr2AlC-Fe mixtures with different Cr2AlC contents after 
sintered at 1 300 ℃ under 30 MPa for 30 min. When the 
Cr2AlC contents in the mixtures below 30%, no new 
phases can be detected besides Fe (Al) and (Cr, Fe)7 C3. 
As the Cr2AlC contents increasing to 50%, the diffraction 
peaks from Cr7C3 became higher. The main reason of the 
reactions can be contributed to the in-situ reaction be-
tween Cr2AlC and Fe. This in-situ reaction can be de-
scribed as this: At high sintering temperature, Al atoms 
can strip from Cr2AlC due to the weak Cr–Al metallic 
bond in Cr2AlC, and dissolve in the metal matrix, form-
ing Cr7C3 grains and Fe (Al) solid solution. At the same 
time, Fe will through into the ceramics particles by the Al 
vacancies. When the Cr2AlC contents increasing to 50%, 
the liquid Fe are insufficient and results in some Cr7C3 
phase remaining. The reaction can be described as fol-
lowing: 

Cr2AlC + Fe→Cr7C3 + Fe(Al)  (1) 

Cr7C3 + Fe→(Cr, Fe)7C3  (2) 

Figure 4 shows the microstructure of samples of 30% 

 
Fig. 3  XRD patterns of samples of Cr2AlC-Fe mixtures with  

different Cr2AlC contents after sintered at 1 300 ℃ for 
30 min 

 

 
Fig. 4  Microstructure of samples of 30%Cr2AlC/70%Fe  

sintered at 1 300 ℃ under 30 MPa for 30 min 
 
Cr2AlC/70%Fe sintered at 1 300 ℃ under 30 MPa for 30 

min. Choose a notable ceramics area in a bulk 30%Cr2· 
AlC/70%Fe composites’ polished surface, and its SEM 
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image shows as Fig. 4(a). In the composites, the ceramic 
particulates are uniformly distributed in the matrix, and 
the ceramic particulates with shapes of needle, spindle, 
and flake. Figure 4(b) is a representative SEM image of 
the bulk 30%Cr2AlC/70%Fe system composites’ polished 
surface which was etched in nital. This typical micro-
graph exhibits that the composites with a compact texture, 
and the ceramic particulates are uniformly distributed in 
the Fe matrix with the average thickness size of 1.3 μm, 
form a hard continuous skeleton. This structure can be 
contribute to the microstructure genetic effects from the 
superimposed shape of the platelet microcrystalline 
Cr2AlC in the of Cr2AlC polycrystalline grains. 

The sample of 30%Cr2AlC/70%Fe sintered at 1 300 ℃ 
for 30 min in argon atmosphere, and its flat well-polished 
surface analyzed by EDS are shown in Fig. 5. It clearly 
shows that the Cr2AlC particles almost turned into Cr7C3. 
We can also observe that Fe had diffused into the Cr2AlC 
particles, Al, Cr and C can be detected in the Fe matrix. 

 

Fig. 5  EDX of samples of 30%Cr2AlC/70%Fe sintered at  
1 300 ℃ under 30 MPa for 30 min 

 
Figure 6 shows the relationship between the flexural 

strength, fracture toughness and the volume content of 
Cr2AlC for Cr2AlC-Fe composites sintered at 1 300 for ℃

30 min. The flexural strength of the sample was increased 
greatly, but the fracture toughness was decreased while 
raising Cr2AlC content. When the Cr2AlC content was 
50% in the starting materials, the flexural strengths of 
50%Cr2AlC/50%Fe can reach 1417.05 MPa, however, its 
fracture toughness drop to 18 MPa·m1/2. A most remark-
able feature is the strengths of Cr2AlC-Fe composites not 
only much stronger than the strengths of pure Fe bulk, but  

 
Fig. 6  Relationship between the flexural strength, fracture  

toughness and the volume content of Cr2AlC for 
Cr2AlC- Fe composites sintered at 1 300 ℃ for 30 

min 
 
also much stronger than the strengths of Cr2AlC bulk 
(which flexural strengths is about 378 MPa). This phe-
nomenon can be contributed to the hard continuous 
skeleton microstructure and strong interface bonding 
between the reinforce particulates and the metal matrix in 
the composites. 

Figure 7 shows the typical bending site specimen 
photograph of 30%Cr2AlC/70%Fe sample sintered at 1 300 

℃ for 30 min after the bending tests. A lot of slip bands 
are formed in the matrix at about 45°with respect to 
draw axis. This result indicates that the interfacial bond 
between the ceramic reinforcements and metal matrix are 
strong. After in situ reaction, the chemical bond is formed 
in the interface between the chromium carbide particu-
lates and matrix. During deformation, the ceramic parti-
cles not only can resist the passing dislocations, but also 
can induce drag force to the grain boundaries of the matrix. 
As a result, the external applied stress will be transferred 
from the matrix to chromium carbide particulates, and un-
doubtedly, the load bearing capacity of the composites with  

 

 
Fig. 7  Typical bending site specimen photograph of 30%Cr2· 

AlC/70%Fe sample sintered at 1 300 ℃ for 30 min after 
bending tests 
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more ceramic reinforcement will be greater during the 
period of elastic deformation. 

4  Conclusions 
The chromium carbide reinforces Fe (Al) composites 

can be prepared by in-situ reaction method using Cr2AlC 
powders as precursor. The in-situ reaction between Cr2AlC 
and Fe completed above 1 000 ℃, and the products main 
phases keep stable in the 1 000–1 300 ℃ sintering tem-
perature range. As the Cr2AlC content increasing, the 
flexural strength of the sample is increased greatly, but 
the toughness is decreased. 
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