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Abstract: Fe40Ni40P14B6 bulk metallic glass rods have been prepared by water quenching the fluxed alloy. The deformation behavior 
was investigated by nanoindentation tests and compressing tests. The average hardness and elastic modulus of the as-prepared 
Fe40Ni40P14B6 BMG (bulk metallic glass) measured by nanoindentation tests are 8.347 and 176.61 GPa respectively. The displace-
ment-load curve shows “pop-in” characteristics which correspond to the loading rate bursts. Many shear bands around the indent 
were observed. The as-prepared Fe-based BMG exhibits a compressive plastic strain of 5.21%, which is much larger than that of 
other Fe-based glassy alloys and most of other BMGs. 
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1. Introduction 
In the past two decades, nanoindentation tests were 

widely used in measuring the materials’ hardness and 
elastic modulus [1-3]. Recently nanoindentation tests 
have been proposed as an important tool for studying 
fundamental physics of deformation in metallic 
glasses by Wright et al. [4] and Golovin et al. [5], 
such as identifying the rate effect on serrated flow be-
havior, discrete plasticity and structural change be-
neath the indenter etc. By using instrumented indenta-
tion, many studies on serrated flow behavior and its 
strain rate-dependence in amorphous metals, such as 
in Pd- [5-8], Zr- [6-10], La- [9], Al- [11], Fe- [12], Ni- 

[13] and Nd-based alloys [14], have clearly shown 
that pop-in and/or discrete displacement burst events 
appear in the load-indentation depth curve when the 
loading rate is very low. In contrast, as the rate is in-
creased the pop-in events are gradually suppressed 
and even disappear. W.J. Wright et al. have first de-
veloped a complementary analysis to extract the 
strength of a Mohr-Coulomb solid from the P-h 
(load-displacement) data of the first pop-in [4]. Vaid-
yanathan et al. combined finite element modeling with 
instrumental indentation to assess the yield criterion of 
a Zr-based BMG [15]. Many shear bands were ob-
served on the surface around the indentations in me-
tallic glasses and they were recognized as the contours 
of maximum shear deformation beneath a Berkovich 

indenter [15]. There were a few experimental studies 
revealed the shape of the flow field beneath the in-
denter by macroscopic observations [16-17] and also 
revealed details of atomic-scale structural change such 
as nanocrystallization or medium-range ordering be-
neath an indentation [18-19] by transmission electron 
microscopy (TEM) observations. Bei et al. determined 
the theoretical shear strengths of the BMGs through 
investigating their mechanical behavior by nanoin-
dentation with a spherical indenter [20]. Very recently, 
B. Yang et al. observed strain hardening and recovery 
phenomenon in a Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 glassy 
alloy using a controlled instrumented nanoindentation 
technique [21]. So nanoindentation experiments plays 
an important role in elucidating the fundamental 
mechanisms of plasticity in metallic glasses. 

The Fe40Ni40P14B6 glassy alloy (also called as Met-
glas 2826) is an excellent soft magnetic material [22]. 
But only a glassy alloy ribbon can be prepared for a 
long time due to its lower glass forming ability (GFA). 
In 2001, a 1-mm diameter Fe40Ni40P14B6 BMG rod 
was successfully made by T.D. Shen and R.B. 
Schwarz through fluxing and water-quenching tech-
nique [23]. We successfully prepared Fe40Ni40P14B6 

BMG rods (1.6 mm in diameter) with good plasticity, 
and utilized nanoindentation and uniaxial compression 
experiments to investigate the mechanical properties 
of Fe40Ni40P14B6 BMG. 
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2. Experimental 

The Fe40Ni40P14B6 alloy (whose composition is 
given in nominal atomic percentages) ingots were 
prepared by induction-melting a mixture of Ni (99.95 
wt% in purity), B (99.999wt% in purity), Ni2P 
(99.5wt% in purity) powders and Fe (99.98wt% in pu-
rity) grains in a purified argon atmosphere. The flux-
ing technique has been used to purify the alloy. The 
alloy samples were put into the B2O3 melt under vac-
uum condition and kept at 1430 K for about 10 h. Then 
the purified alloy samples were re-melted in a quartz 
tube under vacuum condition and quenched in water. 
The structure of the as-quenched samples were charac-
terized by X-ray diffraction (XRD) using a Rigaku 
D/max-RB diffractometer with monochromatic CuKα 
radiation. The microstructures of the as-prepared alloys 
were also examined by use of a JEM-200CX transmis-
sion electron microscope (TEM). The thin foil speci-
mens were prepared by twin-jet electropolishing method. 
The Vickers hardness was determined under a load of 
200 g by an MH-3 hardness tester. Nanoindentation ex-
periments were conducted at room temperature using a 
Nanoindenter XP (Nano Instruments Innovation Center, 
MTS Corporation, Knoxville, TN) with a Berkovich 
diamond indenter at a constant strain rate of 0.05 s−1. 
The morphology of the surface was observed using a 
LEO-1530 scanning electron microscope installed a field 
emission gun. 

3. Results and discussion 

Fig. 1 shows the XRD spectrum of the as-prepared 
specimens, except the broad diffraction peak, no sharp 
diffraction peak corresponding to crystalline structure 
can be observed, indicating that the as-quenched alloy 
rods with 1.6 mm in diameter possesses amorphous 
structure. It shows that the GFA of the alloy has been 
significantly enhanced after fluxing, agreed with the 
reported results [23-27]. The thin foil specimens had 
been carefully examined with TEM, no crystalline 
phase had been found. The insert of Fig. 2 is the se-
lected area electron diffraction (SAED) pattern, 
showing only diffuse halos corresponding to amor-
phous structure. Fig. 2 further confirms the homoge-
neous amorphous structure of the alloys. 

The plastic deformation behavior of Fe40Ni40P14B6 

BMG by nanoindentation was studied. Typical 
load-displacement (P-h) curves of nanoindentation 
tests are presented in Fig. 3. The BMG was indented 
to a maximum depth of 1500 nm because the meas-
ured hardness reaches stable value at the depth larger 
than 1000 nm (see Fig. 4(b)). The test was carried out 
at a constant strain rate of 0.05 s−1. The unloading 

curve reflects the elastic behavior and the loading 
curve shows the elastoplastic behavior of the material. 
The inset of Fig. 3 shows that the loading curve dis-
plays discrete steps or ‘pop-in’ events indicating the 
sudden penetration of the indenter tip into the sample, 
and these serrations correspond to the activation of 
individual shear bands [8]. 

 
Fig. 1.  XRD pattern of Fe40Ni40P14B6 bulk metallic glass. 

 

Fig. 2.  TEM image of Fe40Ni40P14B6 metallic glass. The in-
set is the selected area electron diffraction (SAED) pattern. 

 

Fig. 3.  Typical load-displacement (P-h) curves of 
Fe40Ni40P14B6 BMG by nanoindentation experiments. 



70 J. Univ. Sci. Technol. Beijing, Vol.14, Suppl. 1, Jun 2007 

Hardness and elastic modulus profiles as a function 
of indentation depth for the alloys are shown in Fig. 4. 
It shows that the modulus basically keeps constant at 
different depths. While the hardness falls gradually as 
the indent proceeds and tends to be a constant. The 
measured average hardness and modulus of the 
Fe40Ni40P14B6 BMG are 8.347 and 176.61 GPa, re-
spectively. Generally, the measured hardness value is 

directly proportional to the material’s yield which is 
expressed by Tabor as H=K·σy [28], where H is the 
hardness, σy is the yield strength, K is a constant and 
for amorphous metals the value of K is about 3. The σy 

of Fe40Ni40P14B6 BMG is about 2.23 GPa [29], so the 
value of K is about 3.7 which is bigger than the em-
pirical value. The reason of the glassy alloy with 
higher K is not clear. 

            

Fig. 4.  Elastic modulus (a) and hardness (b) profiles as a function of indentation depth. 

 
Fig. 5.  Loading rate changes as a function of displace-
ment. 

During nanoindentation at a constant strain rate, the 
loading rate can be expressed as dP/dt=εhdP/dh [8], 
where dP/dt is the loading rate, ε is the strain rate, h is 
the displacement or the depth. The loading rate is 
plotted as a function of displacement in Fig. 5. As Fig. 
5 illustrates, with the increase of displacement, the 
loading rate is not monotonic increase, there are many 
short peaks in loading rate and their occurrence fre-
quency decreases gradually. If examining Fig. 5 care-
fully, it can be found that the height of the peaks at 
different displacement is different. When h<900 nm, 
the peaks range of loading rate is about 10 mN/s. 
When 900 nm≤h≤1150 nm, the peaks range is about 5 
mN/s. While for h>1150 nm, it is about 18 mN/s. The-
se peaks are found to correspond exactly with the 
“pop-in” events in Fig. 3. Correspondingly, the dis-
crete displacement in the P-h curves of Fig. 3 also re-
duces as the loading rate increases. So the serrations 

flow is related to the loading rate during nanoindenta-
tion at a constant strain rate. At a higher load, the 
width of discrete displacement is wider than that at a 
lower load, the reason is that the length scale of the 
indentation geometry increases as the depth increases. 

Fig. 6(a) is a SEM image of indent feature of 
Fe40Ni40P14B6 BMG alloy. Fig. 6(b) is the high magni-
fication image of Fig. 6(a). As shown in Fig. 6, many 
pile-up shear traces around the indent can be observed 
and no microcrack has been observed around the in-
dent. 

When the metallic glass is indented by Berkovich 
diamond indenter, its deformation can be classified to 
two stages: the elastic deformation stage and the elas-
toplastic deformation stage. The elastic deformation 
occurs first. With the indent depth increases, the BMG 
yields and demonstrates the first pop-in event at the 
load-displacement curves. Simultaneously, the mate-
rial turns into elastoplastic deformation period. The 
plastic deformation region around the indenter is con-
strained by the surrounding elastic material which 
suppressing the unstable extension of dominant shear 
bands. So the shearing deformation is highly localized. 
The plastic deformation takes place in the area be-
neath the indenter, many shear bands form which cor-
related with the strain serrations. The formation of 
shear bands is determined by local arrangements of 
atoms, the local free volume as well as short- or me-
dium-range ordering of the local constituents [9, 19] 
and it is also related to the local deformation history [9, 
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19]. 
The Vickers hardness of Fe40Ni40P14B6 BMG is 

7.22 GPa, which is smaller than that measured by 
nanoindentation. The reason is that the measurement 
method is different between the Vickers hardness and 
nanoindentation tests. In Vickers hardness tests, the 
size of the residual impression in the surface is used to 

determine the hardness value. But in nanoindentation 
tests, the size of the contact area under full load is de-
termined from the depth of penetration of the indenter 
and the shape of the elastic recovery during removal 
of load, it provides an estimate of the area of the con-
tact under full load [30]. 

  

Fig. 6.  (a) SEM image of localized plastic flow around a Berkovich indent on the surface of Fe40Ni40P14B6 BMG; (b) magni-
fication of (a). 

The room-temperature uniaxial compression tests 
were carried out on an Instron-type testing machine at 
a strain rate of 3×10−4 s−1. The yield strength of the 
glassy alloy is about 2.23 GPa, which is similar to the 
reported value (2.1-2.4 GPa) of Fe40Ni40P14B6 glassy 
ribbon [31-32]. The measured compressive plastic 
strain of the BMG is about 5.21%, which is much lar-
ger than that of most BMGs (which plastic strain is 
usually less than 2%). Due to the length limitation, the 
details of the compress testing result will be reported 
elsewhere. The present result demonstrates that the 
plasticity of pure Fe-based glassy alloys can be exten-
sively improved, which is meaningful for developing 
BMGs and for their applications. 

4. Conclusions 

(1) The Fe40Ni40P14B6 bulk metallic glass rods of 
1.6 mm in diameter have been prepared by fluxing and 
water quenching method. The GFA of this alloy is 
greatly enhanced by this method. 

(2) The measured average hardness and the elastic 
modulus of the as-prepared Fe40Ni40P14B6 BMG are 
8.347 and 176.61 GPa respectively by nanoindentation 
tests. Shear traces around the indent were observed 
and no microcrack around the indent has been ob-
served. 

(3) The “pop-in” phenomenon in P-h curves is re-
lated to a series of discrete loading rate changes. Dur-
ing nanoindentation tests at constant strain rates, the 
frequency of loading-rate change peaks is much larger 
at small depth. And it decreases with the increase of 
indent depth. 

(4) The as-prepared Fe-based BMG exhibits a com-
pressive plastic strain of 5.21%, which is much larger 
than that of most BMGs. 
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