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The present work reports investigation on the G lass Forming Abili ty (GFA) of Zr-based Bulk 
Metallic Glasses (BMG 's) by microalloying with early transition metais. GFA was measurcd as the 
amorphous fraction formed in samples with different diameters using optical microscopy (OM) and 
image analysis techniques. Samples with the highest GFA had their oxygen content measured in a Leco 
R0-400. This study shows that additions o f Molybdenum or Iron in a Zr

48
Cu

148
_,

1
Al

4
M, (M = Mo or 

F e) alloys resulted in a minor GFA improvement, but far from the resu lts reported in thc litcrature witb 
Nb addi tions in tbis system. Niobium microalloying to a Zr62Cu15_,Al

10
Ni

0 2 5
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1
Nb, and (Zr
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,Nb. alloys have a de leterious effect on the GFA. Oxygen measurements of (Zr
55
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)
99

Nb
1 

and 
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alloys have shown simi lar oxygen content, indicating that oxygen was nota 

limiting factor on this study. The amorphous frac tion quantification from OM irnage analysis maintains 
the same fraction ratio from the heat released at the crystallization event from heating DSC analysis. 
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1. Introduction 

The application of Bulk Meta llic Glasses (BMG) as 

engineering materiais is the goal o f many research teams 

spread around tbc globe. BMG have outstanding mechanical 

propcrties, compared to the conventional alloys, due to 

high strength1
, res ilience\ wear resis tance3 and corrosion 

resistance4
• In order to use BMGs in suu ctw-al applications 

the research groups are investigating ways ofincreasing the 

Glass Forming Ability (GFA) and ductility of such a lloys. 

The li terature shows thatGFA andductility can be both 

improved w ith the use of minor addition of elements, or 
microalloying technique5 Microalloying has improved the 

GFA o f many BMG systems by stabil izing the amorphous 

phase5, removing deleterious elements from the glass matrix6 

or a ltering its crystallization kinetics7
• The ductility of 

severa! alloys was increased by the compositional change8 -~ 

o r by thc formation o f a second phase '0
•

11 embedded in the 

amorphous matrix. 

The present work reports our investigation ofmicroalloying 

effects on the GFA ofZr-based BMG, sharing some data to 

other groups and supporting the development o f commerc ial 

BMG. Zr-based BMG was one of the fi rst BMG to achieve 

amorphous diamctcrs larger than I O mm20 and nowadays it is 

the only commercially feasible, known as Vitreloy21• There is 

a vast literature ofmicroalloy ing Zr-based BMG with early22 

and late23 transition metais but vety few studies with elements 

from the groups 5-8. This s tudy has the objective o f report 
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the data of tbe rnicroalloying etfect of Molybdenum, Tron 

and N iobium upon theGFAofZr-based BMG. Tbe GFA was 

mcasured as the amorphous fraction formed in samples with 

different diameters by image analysis o f optical microscopy 

and correlated with differential scanning calorimetty (DSC) 

and scanning electt·on microscopy (SEM). The oxygen content 

o f the best glass formers was a lso measured showing that 

not only the GFA was improved but the oxygen deleterious 

cffcct was minimized . 

2. Experimental Procedure 

The present study was made consideri..ng glassy alloys o f 

various compositions based on tbe Zr-Cu-Al system described by 

the general formulas (at. %): Zr48Cu<4s.,1
Al4Mx with M =Mo or F e; 

Zr62Cu15_5Al10N im.s.xJNb,; and (Zr55Cu30AI10) 100_,Nb, where x 

could be equal to 0. 1; 0.5; 1.0; or 1.5. This set ofvalues was 

chosen in order to analyze the influence o f microadditions 

o f the presented elements on the GFA o f the glassy alloys. 

A li alloys used in the present study were produced by 

arc-melting fi·om their respective constituent high pure raw 

e lements (99%+), in a high purity argon atmosphere, on a 

copper hearth cooled bed with c ircula ting room temperature 

water. Each initial ingot was arc-melted at least tive times 

and flipped between steps to assure complete homogeneity. 

Aftetwards, cylindrical specimens with diameters vatying 

fi·om 2 to 7 mm were produced by suction casting of the 

liquid metal into copper molds. 

I 
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The samples were cut in the cross-section using a diamond 
saw disc equipmcnt for metallographic preparation. The 

samples were then embedded in polymeric resin and prepared 

for optical microscopy (OM), by grinding and polishing 

according to ASTM E3-ll . The polish ing step was performed 

on an automatic machine EcoMet 250 BUEHLER® using I 

jlm alumina suspension. Subsequently, the samples had their 

surfaces etched by immersing them in an etching solution 

ofHF (0.8% wt.), HN0
3 

(14.6% wt.) and Hp (84.6% wt.) 

for fivc seconds. 

The OM analyses occtmed by image acquisition ofthe 

samples etched surfaces. For that purpose, it was used the 

software Axion Vision AxioVs40 V4.8.2.0 in a Scope A. I 

Zeiss microscope. The images obtained had the ir analysis 

based on ASTM E 1245-95. The method consisted in the use 

of automatic softwa.re-controlled segmentation procedure to 

select and measure arcas o f interest in the images. ln this case, 

these arcas corresponded to the bright amorphous region. 

Once they were measured, it was possible to calculate its 

percentage considering the whole sample. Fig. I shows an 

example o f measurement by image analysis. The red region 

corresponds to the amorphous fract ion, while the green one 

is a region excluded from the analysis, i.c. sample rnount 

and pores. The same quantification procedurc was performed 

by 4 clifferent trained operators in arder to reduce the bias 

in the measurement method. 

DSC analysis was made in four different alloys to 

evaluate and compare thc results from image analysis with 

Enthalpy released during crystallization of these alloys. 

SEM back-scattered (BSE) images were acquired from two 

different alloys to confirm the presence of the amorphous 

phase detected by optica1 microscopy and quantified by 

image analysis. 

The samples with the higher GFA, measured by the ir 
amorphous fraction, had the oxygen content measured by hot 

extraction using the inert gas fusion principie in a LECO R0-

400 equipment following ASTM-E-1 O 19. For that purpose, 

9 pieces o f around 0.1 g each were used in an oxygen free 

Ni basket. The oxygen leveis ofthe samples were compared 

in order to evaluate any statistically significant difference 

among the samples. 

3. Results and Discussion 

3.1 Optical microscopy analysis 

Table 1 shows the samples synthesized re lating their 

composition with the respective diameters produced, in mm. 

The OM rcsults ofthe amorphous fraction by the content 

of microalloying added for the Zr~RCu<48_,1Al4M, (M = Mo 
or F e) samples are shown in Fig. 2. Figure 2(a) correspond 

toM = Fe and Figure 2 b) toM = Mo. Figure 2(a) shows 

clearly that the addition o f F e has a negative effect on the 

GFA, independently of the amount ofFe added in the alloy, 

where by increasing the amount of F e ir leads to a decrease 

Tablc 1. Composition and diamctcrs (in mm) of the samples 
produced for OM analysis. 

Composition 
x (in at. %) 

0.10 0.50 1.00 1.50 

Zr48Cu148_,l14M, 2;3; 4 2;3;4 2;3; 4 2 
where M = F e or Mo 

Zr, 2Cu15 5Al10Ni
1

,2_5. , 1 
2; 3;4; 3; 4 3;4 3; 4 

Nb 
' 

5;6; 7 

(Zr55Cu30Al 10) 1oo., Nb, 5; 6; 7 5; 6 2; 3; 4; 5;6; 7 
5;6; 7 

Figure I. a) Oplical micrograph pnd b) Example of lhe image analyzes process made in one of the samples. 

• 
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Figure 2. a) Zr
48

Cu
14

R." Al
4
Fe, with x = 0.1. 0.5, I. O and 1.5 % at. ; b) Zr

48
Cu

14
,._,,A1

4
Mo, w ilh x = 0.1, 0.5, 1.0 and 1.5% at. 

in the amorphous fraction. Figure 2(b), on the other hand, 

shows that an increase ofthe GFA happened with additions 

o f Mo 0.5% at. For both cases, additions ofFe or Mo, when 

the value o f microalloy ing was incrcased from 1.0 to 1.5 

(at<J/o), evcn for 2 mm samples it was not observed a significant 
amorphous fraction, thcrefore, the parent composition was 

the limi ting factor. 
Figure 3 shows the comparison o f om resul ts with the 

same based alloy studied with different Nb amounts10
·
12

•
13

. 

Ali the points were fixed for samples with 3 mm in diameter, 
as a base for comparison. It is possib le to see that our 
samples with the addition o f F c and Mo resultcd in alloys 
with thc least amount of amorphous phase formed. Tbis 

difference between our results and the li teramre bas many 

possible explanations. The first, and most obvious, is the 
alloy composition which indicates that the Nb additions 

have a positive influencc in the alloy's GFA over Fe and 

Mo additions. The other explanation can be related to the 
oxygen content in the samples. lt is well-known that the 
oxygen has a strong influence on GFA of Zr-based BMG 14

•
11

. 

Once the literature used for the present comparison lacks 
the information about the oxygen content of the samples 

it is impossible to make an affinnation based only on the 

sample composi tion. Comparing lhe effect on GFA o f our 
samples with the literature, the addition of I at% ofN b on 

the Zr
48

Cu,
48

_,
1
Al4M, seems to be the best option to enhance 

the GFA of this alloy. 
The results for the composition ofZr62Cu15.5Al10Nip 2.5.,1 

Nb, can be seen in Fig . 4. For diameters above 4 mm, the 
amorphous fraction measured was not significant, below 30%. 

When considering 3 and 4 mm diamcter samples however, 

it was possible to notice that the glass content decreased as 

the value o f the microalloying element increased. ln other 
words, more additions of Nb tend to atfect negatively the 
GFA. It is possible to assume that the criticai cooling rate 
(Rc) value for this composition increases drastically. The 

base alloy Zr
62

Cu
155

Al
10

Ni
112

.
5

_,
1
Nb, , with x=O, is reported 
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Figure 3. Con·elation between amorphous fraction and contem 
o f elements added for samples o f 3.0 mm in diameter and general 
composition Zr4RCuc4~., 1Al,M, (M = F e, Mo, Nb). Collected from"m·•3 
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to be feasible to produce a fully amorphous rod up to 5 mm 

in diameter18• In this study, we have found around 30% of 

amorphous fraction for the case of Nb addition (0. 1 at%) 

at 5 mm. Therefore, it is possible to exa·apolate tbat tbe 

addition ofNb on the base a lloy has nota positive effect. 

Fig. 5 displays the results of OM quanti fication of 

(Zr
55

Cu
30

AI
10

)
1
oa-,Nb, samples. As can be seen 5, 6 and 7 

mm diameter samples presented amorphous contcnt smaller 

than 30% for practically any content o f Nb. A good result 

in terms of amorphous fraction was only observcd for 

Nb = 1.0% and 2 mm diameter sample, meaning that our 

equipment was able to achieve cooling rates c loser to the 

Rc of the alloy. When analyzing 3 and 4 mm samples, the 

amorphous fraction was measured between47.5 and 67.5% 

for Nb = 1.0%. One drawback related to OM quanti fication in 
samples with larger diameters is that the resolution decreases 

with the increase of sample size. 

3.2 O.xygen content measurement 

The compositions with the higher GFA had their oxygen 

content measured and the results are shown in Fig. 6. For each 

sample, there were 9 measurements o f oxygen content. The 

difference in average oxygcn measured in these 2 different 

alloys cannot be based on the difference of the Zirconiw11 

masses between the two alloys as proposed previouslyl 9• 

The two sample t-test fai led to reject the null hypothesis. 

The a lloy (Zr
5
F u30AI

10
) 99Nb, has an average o f 922 ppm 

of oxygen and a large dispersion compared Lo Lhe alloy 

Zr6~Cu , 55A I 10Ni , 24Nb0. 1 , with an average of 98 1 ppm of 

oxygen. These results shows that both a lloys have the same 

oxygen content within a 95% confidence interval. 

3.3 Scanning e!ectron microscopy and differential 
scanning calorimefly 

Figure 7 shows two BSE images from 3 mm samples o f 
the alloys a) Zr48Cu47.~A14Fe0. 1 and b) Zr48CumAI4Mo0s From 
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Figure S. Correlation between amorphous fraction measurcd by OM 
and contcnt o f clements added for samplcs o f general composition 
(Zr55Cu30AI10) 100. , Nb, 

the images it is clear the presence o f a brighter amorphous 

matrix and darker crystalline phases. The same samples were 

analyzed by DSC and the results are showed at Table 2 and 

Figure 8, where the ratio ofheat released in the crystallization 

event is the same as from the ratio of amorphous frac tion 

quantification by OM image analysis. The samples from 3 

mm (Zr
55

Cu
30

A l
1
rJ99N b, and 6 mm (Zr55Cu30AI,rJ98.5Nb r.s 

alloys are a lso being showed at Table 2 and Figure 8, and the 

same effect o f ratio in the heat re leased in the crystallization 

event was the same as from the ratio o f amorphous fraction 

quantification by OM image analysis in these samples. This 

supports that the amorphous fraction quantification by OM 

image analys is is a cheaper and valid process for measuring 

the GFA from the alloys that maintains the same fraction 

ratio from the heat rcleased at the c rystallization event from 

heating DSC analysis. 

4. Conclusions 

The present study perfonned on Zr43Cuc48.,l14M,, where 
M = F e or Mo, showed that the addition of th is elements 

decrease thc alloy's GFA. The GFA ofthe Zr
48

Cuc
4
R_,,A1

4
M, 

system have becn successfully improved with M = Nb as 

repo11ed in the literaturc10· ' 2-13. Therefore, our results show that 

the use ofFe or Mo is nota viable altemative. ln the second 

part of our study, we tried to investigate whether the GFA 

improvement by the Nb microalloying could be extended to 
other Zr-based systems. Our results show that the addition o f 

Nb from 0. 1 at.% to 1.5 at.% in the Zr62Cu,55AI,0Ni<11.
5
_,,Nb, 

and the (Zr
55

Cu
30

Al
10

) ,
00

_,Nb, alloys have a deleterious effect 

on the alloys' GFA. Thus, the GFA improvement by the Nb 

microalloying is not an inherent feature on Zr-based BMG. 

The oxygen measurements of the (Zr
55

Cu
30

AI 10) 99Nb
1 
and 

Zr62Cu155Al10Ni,vNbo. r alloys have shown that the higher 
contento f Zr in the !ater alloy do not increase the tendency 
to be contaminated with oxygen. This hypothcsis has bccn 

raised in a previous study 19 where the higher oxygcn content 
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) 985Nb, 
5
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o f the alloys w ith higher Z r content would be explained by 

the Zr gette ring nature. 

The amorphous fraction quantification by OM image 

ana lysis is a cheaper and valid process for m easuring the 

GFA from the alloys that m ainta ins the same fraction ratio 

from the heat re leased at the crys ta llization event from 

hea ting DSC analysis. 
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