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This research studied the fracture toughness of the Fe-7AI-27Mn alloys with increasing 
carbon contents: 0.5% C, FI alloy: 0.7% C, F2 alloy (with 4.0% Cr); and 1.0% C, F3 alloy. 
Fracture toughness experiments were conducted at temperatures of 25, - 50, - 100 and 
- 150~ It was found that plane-stress, Kc, values as measured by the R-curve method, 

decreased as the temperature dropped. F1 alloy possessed the highest Kc value at all 
temperatures among the three alloys. The Kc values of the F2 and F3 alloys were similar at 
ambient temperatures, but F3 maintained the toughness property and ductility better at 
sub-zero temperatures. Quantitatively, Kc values of the F2 alloy at - 150 ~ were ca. 60% less 
than at 25~ but F1 and F3 alloys dropped by only ca. 30%. Using a compact-tension 
specimen, 20.0 mm thick, at - 150~ only alloy F2 satisfied the requirement of plane-strain 
fracture toughness with a K~c value of 106 MPa m v2. The existence of Cr (4.0%) and the 
formation of a ferrite phase in an austenite matrix was responsible for the low toughness 
value observed. 

1. Introduction 
The development of F e ~ l - M n  alloys is hoped to 
replace the high-cost alloying elements of chromium 
and nickel in stainless steels by aluminum and manga- 
nese [1,2]. Recent studies indicated that Fe-AI-Mn 
alloys possesses excellent low [3, 4] and high temper- 
ature [5, 6] properties. It was found [7] that carbon 
stablized the austenite phase in Fe-A1-Mn alloy and 
has a profound hardening effect. Thus, the strength of 
the alloy increases with increasing carbon content. 
However, there is no data reported on fracture mech- 
anics parameters of the alloys based on linear-elastic 
fracture mechanics (LEFM) or elastic-plastic fracture 
mechanics (EPFM). The critical stress intensity factor, 
K1c, resulting from the LEFM approach is to charac- 
terize fracture under plane-strain conditions with at- 
tendant small-scale plasticity, while Kc values based 
on EPFM are to characterize fracture under plane- 
stress conditions with attendant large-scale plasticity. 
The Kc value is generally 2-5 times larger than 
Kic and varies not only with respect to temperature 
and strain rate, as does K~c, but also with plate thick- 
ness [8, 9]. The purpose of this research was to study 
the effect of carbon and chromium contents on the 
Fe-A1 Mn alloys under plane-strain and plane-stress 
fracture mechanics conditions at sub-zero temper- 
atures, and to correlate the compositional/microstruc- 
tural constituents to that of the properties attained. 

2. Exper imental  procedure 
Three types of Fe-A1-Mn alloys were tested in this 
study, of different carbon contents, 0.5, 0.7 and 1.0%. 

The alloys were homogenized at 1150 ~ for 12 h and 
then hot-rolled to thicknesses of 22 and 10 mm from 
a 70 mm plate. The plates were subsequently solution 
heat-treated at 1050 ~ for 1 h and then rapidly quen- 
ched in water. Aging processes were performed at 
500 ~ for 4 h. Compact-tension (CT) specimens con- 
forming to ASTM E399 [10] for plane-strain fracture 
toughness with specimen thickness B = 20 mm, and to 
ASTM E561 [11] for plane-stress fracture toughness 
with specimen thickness B = 8.9 mm, were made by 
EDM machining. Configuration of the CT specimens 
were as shown in Fig. 1. A 25 tons capacity MTS 
hydro-servo dynamic testing machine was used for 
fatigue pre-cracking and tensile fracturing of the CT 
specimens. Plane-strain/plane-stress fracture tough- 
ness testing were carried out at temperatures of 
25, - 5 0 ,  - 1 0 0  and - 1 5 0 ~  In addition, tensile 
tests were also performed with specimen dimension as 
shown in Fig. 2. Chemical composition of the alloys 
were analysed by atomic emission spectroscopy, and 
are listed in Table I. Optical microscopy, as well as 
X-ray diffraction analysis (XRD), were carried out to 
identify the phases presented in the materials. SEM 
fractography was performed on the fracture surfaces 
of the CT specimens to reveal the fracture morphology 
of the alloys at various temperatures. 

3. Results and discussion 
Table I and Fig. 3 show the microstructures of the 
alloys in this study. It can be clearly seen that F3 alloy 
possessed the most fine-grained structure among 
the three alloys. This fine-grained structure may have 
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contributed to the higher elongation and slightly bet- 
ter toughness values obtained, even though its hard- 
ness was higher than F1 and F2 alloys. Metallographi- 
cally, F2 alloy was of ferritic-austenitic duplex struc- 
ture, where ferrite zones were in blocky form, as 
marked by arrows in Fig. 3b. F1 and F3 alloys were 
austenitic single matrices, as confirmed by XRD, 
Fig. 4a-c. The occurrence of the ferritic phase in alloy 
F2 is due to the existence of Cr (a ferrite former) in the 
alloy. The hardness of ferritic zones in F2 alloy is 
higher than any austenitic phase of the F1/F2/F3 
alloys. The solid solution hardening of the Cr in ferrite 
may have contributed to this effect. 

Table II lists the tensile data of the three alloys at 
various testing temperatures. Despite the microstruc- 
tural constituents of austenite/ferrite, the tensile 
strength of the materials seems to be in direct propor- 
tion to carbon content, with more carbon giving 
a higher strength. However, the elongation of F2 alloy 

was only ca. 50% of the F1 and F3 alloys, due possibly 
to the presence of the embrittling ferrite phase [ 13, 141 
in the matrix. Like common stainless steel [15], the 
strength of the Fe-AI-Mn alloys increased while duc- 
tility decreased with the decrease of temperature. This 
can be discerned from Table II and Fig. 5. 

Fracture toughness test results of the alloys are 
tabulated in Table II. CT specimens of 20 mm in 
thickness were found to be too thin to obtain valid 
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Figure 1 Dimension of the compact-tension specimen for fracture 
toughness testing. B = 20 mm for plane-strain K~c test; B = 8.9 mm 
for plane-stress K c test. 
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Figure 2 Dimension of tensile specimen for ambient and sub-zero 
temperature testing. 

Figure 3 Microstructure of Fe-7A1 27Mn alloys. (a) Austenitic F1 
alloy (0.5% C); (b) ferriti~austenitic F2 alloy (0.7% C and 
4.0% Cr), the arrows indicate ferritic zones; (c) austenitic F3 alloy 
(1.0% C). 

T A B L E  I. Chemical composition of the alloys (wt %) 

Code Carbon Aluminium Manganese Chromium Matrix 

Nominal 7.0 27.0 
Fl  aIloy 0.5 7.5 26.8 - 
F2 alloy 0.7 7.8 26.7 4.0 
F3 alloy t.0 7.3 26.3 - 

Austenitic 
Austenitic 
Austenitic + ferritic 
Austenitic 
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Figure 4 XRD pattern for: (a) austenitic Fe 7A1 27Mn 0.5C, FI 
alloy; (b) duplex ferritic austenitic Fe 7A1 27Mnq3.7C-4.0Cr, F2 
alloy; (c) austenitic Fe 7A1 27Mn 1.0C, F3 alloy. 

T A B L E  I I  Tensile properties and fracture toughness of the alloys 

Code Test Tensile Elong- 
temp. strength ation 

unit (~ (MPa) (%) 

Micro Plane-strain Plane-stress 
hardness 

KQ Pmax/PQ K, ac 
H,j(50 g) (MPam 1/2 ) (MPam 1/2 ) (mm) 

F1 alloy 25 896 57 
- 50 920 47 
- 100 937 46 
- 150 996 44 

F2 alloy 25 968 25 
- 50 987 21 
- 100 1080 20 
-- 150 1220 17 

F3 alloy 25 1050 45 
- 50 1165 38 
- 100 1173 41 
- 150 1250 35 

AISI 
4140116] 

17-7PH 
Stainless [171 

207 52 2.14 448 30.8 
65 2.07 414 29.5 
74 1.99 377 28.0 

126 1.26 275 24.7 

231 68 1.80 331 28.3 
261 a 84 1.58 225 25.0 

97 1.54 197 25.5 
106 b 1.08 133 19.5 

253 73 1.83 338 28.2 
90 1.81 285 25.2 
96 1.66 268 24.3 

120 1.35 232 22.4 

62 

52 

" Micro hardness of ferritic zones (bcc phase). 
b Valid plane-strain fracture toughness value, K o = Km. 

KIC values, except for the F2 alloy at - 150 ~ with 
Km data still very high at 106 MPa m x/a. Thus, the 
austenitic Fe-AI-Mn alloys in this study were of high 
toughness grades when compared to some of the 
structural or stainless steels [16, 17]. The toughness 
comparisons are shown in Table II. 

Plane-stress fracture toughness Kc values were then 
deduced; see Table II and Fig. 5. It was found that F1 
alloy (0.5% C) exhibited substantially higher Kc 
values at all testing temperatures. F1 and F3 alloys, 
because of the austenitic phase with attendant large- 
scale crack tip plasticity [1, 14], exhibited superior 
static toughness properties than F2 alloy. F2 was of 
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duplex phase (austenite and ferrite) structure, where 
the presence of ferrite (see Fig. 3b) resulted in signifi- 
cant embrittling effects on both toughness and ductil- 
ity properties. 

Figs 6 8 represent the fracture surface morphology 
of alloys F1-F3, respectively, as observed by SEM. 
They all exhibited a substantial amount of tearing and 
dimples at all testing temperatures, signifing that the 
fracture was of ductile mode, except Fig. 7b of the F2 
alloy which showed brittle cleavage facets. Apparent- 
ly, the ferrite phase within the F2 alloy played a very 
detrimental role in the low-temperature toughness 
and ductility property of the Fe-A1-Mn alloys. 
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Figure 5 Effects of carbon content and testing temperatures on 
Kc values and mechanical properties of the Fe A1 Mn alloys. [3, F1 
alloy (0.5% C); A, F2 alloy (0.7% C, 4.0% Cr); O, F3 alloy (1.0% C). 

Figure 6 SEM fractomicrographs of the F1 alloy, tensile fracture 
zone of CT specimen tested at 25 ~ Figure 7 SEM fractomicrographs of the F2 alloy, tensile fracture 

zone of CT specimens tested at: (a) 25 ~ (b) - 50 ~ 

Fe-A1-Mn alloys usually contain particles of pre- 
cipitated compounds,  which contribute greatly to 
their strength [18, 19]. Figs 6 and 8 reveal typical 
fractographs of the single phase F e - A I - M n  alloys. 
The interface around particles, which are weakly 
bonded, could easily initiate voids. When the aus- 
tenitic Fe A1-Mn alloys were deformed plastically, 
micro-voids formed around particles and eventually 
coalesced, which led to the dimpled fracture with 
corresponding ductile tearing. 

The values of the critical crack length, ac, listed in 
Table II, represent damage tolerance of the materials 
to sustain faults before unstable crack propagat ion 
starts in the mixed ductile and brittle modes, were also 
obtained by a compliance procedure based on the 

relationship [11] : 

ac /W = 1.001 - 4.6695(U) + 18.46 U) 2 - 236.82(U) 3 

+ 1214.9(U) 4 - 2143.6(U) s 

g = 1/[(EBv/P) i/z + 1] 

where ac is the critical crack length, W the specimen 
width, E the modulus of elasticity, B the thickness, 
v the displacement and P the load. 

Apparently, the critical crack length was smaller at 
lower temperatures when the Fe-A1 Mn alloys be- 
came less ductile and not as tough. It is worthwhile 
mentioning that ac of the F2 alloy at - 150~ was 
19.5 mm. This value is very close to the fatigue pre- 
crack length, ao, measured as ao = 19.95 m m  after the 
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possessed the highest strength at the testing tem- 
peratures. At sub-zero temperatures, the strength 
of the alloys increased with an attendant de- 
crease of ductility. 
While F1 and F3 alloys dropped ca. 30% in 
Kc fracture toughness and ductility values when 
the temperature decreased from 25 to - 150 ~ 
F2 alloy exhibited substantially worse behaviour 
with ca. 60% drop. The existance of the element 
Cr and the resulting ferrite phase in the austenitic 
matrix of the F2 alloy was found to be respon- 
sible for the embrittlement effect. 

Figure 8 SEM fractomicrographs of the F3 alloy, tensile fracture 
zone of CT specimen tested at 25 ~ 

CT specimen had been pulled apart in fracture tough- 
ness testing. Since ao was in the vicinity of ao, unstable 
and rapid crack propagation resulted in plane-strain 
failure which met the ASTM requirement for KIC lin- 
ear-elastic fracture toughness criteria. The linear-elas- 
tic behaviour also was most likely to occur when the 
alloy was of the high strength low ductility at the 
lowest temperature. This was observed in the present 
work. 

4. Conclusions 
Conclusions of this research on low temperature be- 
haviours of the three Fe-AI-Mn alloys investigated 
can be summarized as follows: 

1. All alloys possessed excellent static fracture 
toughness properties so that only the 
Fe-7.8A1-26.7Mn-0.7C-4.0Cr (F2) alloy, at 
-150~ rendered a valid but high KIC of 
106 MPa m 1/2, using compact-tension specimens 
of 20.0 mm in thickness. 

2. The main factor that affects tensile strength and 
hardness of the austenitic Fe-AI-Mn alloys was 
found to be carbon content. F3 alloy (1.0% C) 
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