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1 V. Muñoz, G. A. Rohr, A. L. Cavalieri, and A. G. Tomba Martinez

Experimental Procedure for the Mechanical
Evaluation of Oxide-Carbon Refractories by Strain
Measurement

2 ABSTRACT: Experimental issues regarding the implementation of a methodology for obtaining strain-stress curves at high temperatures and
3 in a controlled atmosphere of oxide-C refractories are presented. These curves give a detailed description of the material’s mechanical behavior
4 that is not attainable using conventional tests. The method to measure the specimen strain by contact extensometry and the system to control the
5 atmosphere by a gas flow are described. As an example, the experimental study of commercial Al2O3-MgO-C refractory bricks used in steel ladles
6 at high temperature (1260 �C) in both air and N2 atmospheres is presented showing the valuable information obtained applying strain-stress
7 measurements.

KEYWORDS: oxide-C refractories, stress-strain curves, high temperature

8 Introduction

9 The mechanical properties of oxide-C refractories [1,2] are associ-
10 ated with the inelastic deformation given by the presence of
11 graphite [3]. This behavior allows the brick to accommodate the
12 applied stress by a certain “flow,” thus increasing the fracture
13 strain. Besides the fracture strength parameters currently measured
14 [1,4], such as the modulus of rupture (MOR), the compressive
15 strength (CCS) and the hot modulus of rupture (HMOR), the frac-
16 ture strain represents equally relevant data. The stress-strain
17 curves provide this information [5–9], and they can be obtained in
18 different temperature and atmospheric conditions. However, this
19 relationship is not commonly measured in ceramics because of the
20 complex equipment required to measure specimen deformation
21 directly in high temperature conditions. The mechanical parame-
22 ters included in the constitutive equations currently required to
23 feed the finite element method (FEM) codes for calculating the
24 structure can also be obtained from these curves [5,10]. The col-
25 lection of experimental data (even when cost and time-consuming)
26 is needed to identify refractory behavior laws taking account the
27 main causes of the non-linear behavior while being simple enough
28 for application by industrial users [10]. Together with the analysis
29 of the mechanisms of deformation and fracture, stress-strain rela-
30 tionships are useful for improving material design, which is also a
31 computational assisted process.
32 In the steelmaking industry (the main consumer of refractory
33 materials), steel processing requires high-performance materials
34 able to withstand the severe chemical environments and the

35thermal and mechanical loading imposed by the action of the steel
36bath, the slag and the surrounding atmosphere. The oxide-C
37refractories like MgO-C and Al2O3-MgO-C (AMC) bricks have
38been used successfully in numerous facilities: basic oxygen
39(BOF) and electric arc (EAF) steelmaking furnaces (for the whole
40linings or only in parts such as the slag line) and the floor and
41walls of vessels such as ladles among others. There is extensive
42literature pertaining to the most critical properties of these materi-
43als, particularly their mechanical and thermomechanical proper-
44ties, gases and slag corrosion, although a significantly greater
45amount of literature deals with MgO-C refractory materials.
46Although there are papers that make use of stress-strain curves
47[6–9,11], their contribution is significantly low. This situation is
48even more critical with respect to AMC refractory bricks, for
49which the amount of this sort of data is negligible.
50The aim of this paper is to describe some experimental aspects
51of the methodology for determining stress-strain curves at high
52temperature and in a controlled atmosphere of oxide-C refractories
53bricks in view of addressing scientific and technological funda-
54mentals and developing more accurate models of the mechanical
55behavior. As a practical example, this methodology is applied to
56obtain information about the mechanical behavior of commercial
57AMC refractory bricks used in steelmaking vessels.

58Methodology for Determining Stress-Strain
59Curves

60The evaluation of refractory materials is usually done under condi-
61tions as similar as possible to the in-service conditions which allow
62the direct transfer of data to the industrial plant. In other cases, the
63objective is to obtain basic knowledge about the material behavior
64in conditions which gives clear and beyond doubt information. The
65mechanical behavior of oxide-C bricks is rather complex and varies
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66 in a permanent way with temperature and time; these material are
67 non-linear in nature. Depending on the temperature, this non-
68 linearity is consequence of a progressive degradation by micro-
69 craking and/or sliding and crumbling of graphite flakes in the
70 low-temperature regime; at higher temperature, the contribution of
71 visco-plasticity (due, for instance, the flow of silicate based
72 glasses) increases [10,11]. Stress-strain curves, ideally measure in
73 tension and compression, characterize this complex behavior and
74 give the experimental data required to model the refractory (consti-
75 tutive equations) and the lining structure [5,10].
76 The basic equipment for the stress-strain curves measurement
77 implemented in our laboratory includes a universal servo-
78 hydraulic testing machine (Instron 8501) and an electric furnace
79 (SFL-Severn Ltd.). These curves are based on the direct measure-
80 ment of the dimensional variation of cylindrical testing specimens
81 under compressive load, which is significant at high temperatures.
82 In the case of materials that react with the atmosphere, a system is
83 required that can modify and control this.
84 Nowadays, there is no international standard for measuring
85 stress-strain curves. In this paper, the implementation of a standar-
86 dized methodology [12] to obtain these curves under high temper-
87 ature conditions and controlled atmosphere is described. The
88 selection of the main testing parameters and conditions has been
89 done based on available ASTM and DIN standards for related me-
90 chanical testing of refractories as CCS and creep and information
91 from literature. The methodology described here is specified for
92 the case of oxide-C refractories although it can be used to test dif-
93 ferent materials with some modifications. In particular, the sys-
94 tems for determining the specimen strain and for controlling
95 atmosphere are depicted; other experimental details as have been
96 published elsewhere [13].
97 The use of compressive loading is the current practice in
98 refractories owing to the complications associated to tensile tests
99 in brittle materials and also, because compressive stress are preva-

100 lent in refractory structures. This is especially true in the case of
101 structures builded with oxide-C bricks [9]. However, the compres-
102 sion testing has disadvantages already known [14]: (a) even
103 though the applied stress is compressive, the actual failure is
104 caused by induced tensile stress, (b) the effects of the friction
105 between the end of specimens and compression platens which
106 caused the barreling of the sample, an overestimation of the frac-
107 ture strength and a diagonal fracture, (c) the propagation of one
108 crack does not lead to total fracture. In virtue of the benefits of
109 compression tests, these drawbacks are generally minimized by a
110 suitable choice of the specimen height to the lateral dimension ra-
111 tio and, when is possible, lubrication or using of padding materials
112 in the contact between sample ends and platens. In our case, the
113 high temperature avoided the use of lubrication or padding materi-
114 als and only the geometry of the specimen was selected to reduce
115 friction effects.
116 A cylindrical specimen was chosen due to its advantages in
117 compression tests in respect to other geometries [14] and the eas-
118 ier sample preparation (e.g., the minimizing of machining that is
119 only required for the flat faces). The dimensions of the cylinder,
120 �27 mm in diameter and 45–50 mm in height, were selected tak-
121 ing as reference the values recommended in the creep ASTM and
122 DIN standards [15,16] but considering additional criteria. One of

123them was the representation of the overall microstructure of the re-
124fractory material; regarding this issue, we followed the recomm-
125mendation of ASTM C133-94 [17] which points out that the
126smallest dimension of the specimen have to be at least 4 times
127the larger aggregate. Other criterion was the reduction of both, the
128friction and backling effects; to realı́ze this, a height/diameter ratio
129higher than 2 has been proposed for cylinders under compressive
130loads [14]. Finally, restrictions of: (a) the load capacity (50 kN),
131limited by the ceramic push-rods (mullite/alumina rods, 60 mm in
132diameter), (b) the size of the furnance camera, and (c) the structure
133of atmosphere control system (described below), were also con-
134sidered to define the specimen dimensions.

135Deformation Measurement

136There are severe limitations to measuring strain directly (dimen-
137sional variation of the specimen, from which the strain is calcu-
138lated) in the mechanical testing of ceramics at high temperature,
139which is partly the reason why the use of such mechanical tests is
140limited. The high temperature rules out the use of strain-gauges, a
141high-precision device commonly used to measure metal deforma-
142tion, but limited to low temperature conditions.
143An alternative for high temperature measurements is the use of
144an extensometer; which can be classified into mechanical or con-
145tact extensometers and optical extensometers. The contact extens-
146ometry is based on the use of mechanical extenders (knives) in
147contact with the specimen that reproduce its dimensional change
148and transfer the measurement to an external transducer. This tech-
149nique was selected because it gives more accurate results than
150those achieved by other commonly used techniques such us differ-
151ential dilatometry [18]. Furthermore, the extensometer can be
152coupled to the machine frame without changes in the load bearing
153system or the furnace. The measurement is performed on the spec-
154imen and is not affected by the deformation of the loading system;
155the use of long extensors allows an accurate measurement of the
156small dimensional variations in the refractory specimen. Due to
157the extensometer configuration, it is also possible to isolate it from
158the heat dissipated by the furnace, ensuring thermal stability and
159accurate measurements. Even so, the use of a mechanical exten-
160someter has experimental difficulties associated with it that require
161special attention to guarantee proper measurement. For example,
162the contact pressure to prevent sliding of the knives on the speci-
163men surface is a key factor in the operation of this device. It is
164worth noting that the instrument must have the required accuracy
165and its calibration verified in accordance with international stand-
166ards before use.
167Two types of extensometers for high temperature were avail-
168able in our laboratory for determining the axial strain of cylindri-
169cal specimens: a commercial capacitive extensometer and a
170scissor extensometer of our own design and construction [12].
171The applicability of each instrument in determining the stress-
172strain curves of oxide-C refractory bricks was analyzed using
173commercial MgO-C refractory brick materials, using the strain
174measured with a clip gauge as reference. It was established that
175for the range of small deformations prevailing in the stress-strain
176tests of oxide-C refractory bricks, the capacitive extensometer was
177more suitable due to the high accuracy achieve by this instrument.
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178 The capacitive extensometer (Fig. 1) is a commercial Instron
179 device. The specifications and instructions of the instrument—
180 mounting, assembly and calibration/verification, positioning on
181 the specimen, and recommendations for optimum performance—
182 are based on the ASTM E83 standard [19]. This instrument con-
183 sists of two SiC knives which can operate at temperatures up to
184 1600 �C. The dimensional variation of the specimen causes the
185 extensometer’s ceramic knives to move; this is transmitted to the
186 capacitive transducer, which varies the distance between the sen-
187 sor transducer and reference plate (LVDT). The capacitive trans-
188 ducer is connected to an amplifier-transducer that converts the
189 capacitance into an electrical signal proportional to the dimen-
190 sional variation of the specimen. According to the specifications
191 manual [20], this extensometer has the characteristics specified in
192 Table 1.
193 The use of this extensometer requires a prior calibration of the
194 LVDT using a micrometer caliper (6 0.001 mm). This extensome-
195 ter has been calibrated and verified bidirectionally according to
196 ASTM E-83 standard [19] having a maximum strain error of
197 1� 10�5 which should be a bidirectional classification A accord-
198 ing to the ASTM standard.

199 Controlled Atmosphere System

200 Oxide-C refractory materials are very susceptible to reacting with
201 O2 in the air above 500 �C due to the presence of graphite. The

202subsequent decarburization modifies its mechanical response by
203an increase of porosity, a loss of cohesion between the particles
204and, in consequence, a reduction of the resistant section; other
205characteristics existing due to the presence of graphite, such as
206flexibility, also change. Consequently, the presence of the oxidiz-
207ing agent around the specimen must be reduced in order to mini-
208mize the chemical degradation of the refractory specimens during
209the mechanical testing at high temperature. Several alternative
210procedures adapted for use with the loading system and the fur-
211nace were evaluated, such as the use of a sacrificial material
212(graphite powder), coating the specimen surface with an alumina-
213based antioxidant paint and creating a non-oxidizing atmosphere
214by using a gas flow to replace the air. The first two alternatives
215were tested and discarded due to practical drawbacks (mainly in
216the positioning of the extensometer) and their ineffectiveness in
217avoiding oxidation (especially when using the antioxidant paint).
218A system was then designed to generate a practically O2-free
219surrounding atmosphere by creating a flow of gas around the test-
220ing specimen. For this purpose, a system adapted to the furnace
221and the loading system (including the extensometer) was designed
222and built that uses a tube of ceramic material (muffle) inserted
223into the furnace (Fig. 2) in which a continuous inert gas flow is
224created. The gas works to remove the oxidant agent (O2) and
225reduces its concentration (dilution effect). Under these conditions,
226the gas flow ensures that overpressure exists inside the muffle that
227prevents the entry of air at atmospheric pressure. Industrial nitro-
228gen (99.995%) was selected, which represents a compromise
229between efficiency and cost (in fact, N2 is not inert with respect to
230the most common compositions of oxide-C refractory materials).
231Argon can also be used to generate an inert atmosphere (at higher
232cost) and also other gases can be used to study their effect on the
233mechanical behavior of the material.
234The muffle must meet the following requirements: (a) it must
235not interfere in the loading system and allow the actuator to move
236freely; (b) it must allow for the entry, positioning and free move-
237ment of the extensometer, (c) it must not chemically react, deform
238or break at the testing temperature and atmosphere, and (d) it must
239not increase the thermal inertia of the furnace excessively. Based
240on these requirements, a tube of high density alumina (99.9%)

FIG. 1—Capacitive extensometer (Instron).

TABLE 1—Capacitive extensometer specifications.

Parameter Value

Accuracy 6 0.6 lma

Resolution 0.2 lm

Path 6 0.1 mm

Overpath 120% of full scale deflection

Contact force � 35 gb

Gauge length 25 mm

Maximum operating temperature 1600 �C

aEquivalent to6 24 l� in a gauge length of 25 mm.
bAdjustable from 0 to 100 g. FIG. 2—Front view of the muffle in the furnace chamber.
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241 was selected as the muffle with dimensions consistent with the
242 size of the furnace chamber and the loading system (push-rods of
243 the mullite/alumina rods plus alumina disks � 60 mm in diameter
244 and 10 mm in height). Holes were drilled (diamond drill) on oppo-
245 site sides of the alumina tube for supplying the gas (alumina tube
246 10 mm in diameter and 300 mm in length) and the extensometer
247 knives (Fig. 2). Besides minimizing the required flow of N2, the
248 muffle isolates the heating elements of MoSi2 from this gas, which
249 tends to remove the protective layer of SiO2 formed in air [21]. A
250 specific study was required in order to calculate the flow of nitro-
251 gen needed to reduce decarburization to an acceptable level
252 (�1 wt. %) and which took into account the compromise between
253 the degree of oxidation and the N2 consumption. As a result, a
254 value of 5 l/min was fixed with a prior period of purging.
255 The use of this system to control the atmosphere required that
256 some modifications be made to the furnace. These structural
257 changes, together with the cooling effect of the flowing nitrogen,
258 were introduced in a heat transfer model of the system (furnace,
259 load-bearing rods, muffle and specimen) in order to determine the
260 degree to which the furnace’s thermal efficiency is reduced [12].
261 A drop in the maximum temperature from 1600 �C to 1375 �C
262 was estimated, whereas the maximum heating rate changed from
263 17 to 10 �C/min. The maximum temperature reached in the verifi-
264 cation tests was 1400 �C and the maximum heating rates were
265 10 �C/min up to 1100 �C and 5 �C/min up to 1400 �C. Other tests
266 were performed to determine the difference between the actual
267 temperature of the tested specimen (using a thermocouple placed
268 into a hole performed in the cylinder) and that of the furnace
269 chamber; it was observed that these differences diminished as the
270 heating advanced and by the end of the heating schedule
271 (1400 �C), the difference was approximately 10 �C. Taking into
272 account the compromise between the practical advantages of dis-
273 pensing with a thermocouple into the specimen (mainly due to
274 volume restrictions) and the error introduced if the temperature of
275 the specimen is taken as being the same as in the furnace chamber
276 (after a suitable stabilization time of 15 min), this last procedure
277 was considered acceptable.

278 Stress-Strain Tests

279 This test was performed using the equipment and experimental
280 conditions discussed in the previous sections. They are summar-
281 ized in an internal protocol [22] which explains in detail how to
282 carry out all the procedures involved, from the switching on of the
283 testing machine to obtaining the stress-strain plot. Basically, the
284 mechanical test consists of the following stages.

285 (1)286 Placement of the specimen into the muffle (located in the
287 furnace chamber) and the positioning of the extensometer
288 knives on the specimen surface.
289 (2)290 Heating of the specimen (5–10 �C/min, with the gas flow
291 starting at 300 �C) up to the testing temperature and stabili-
292 zation; during this stage, a small compressive load is
293 applied on the specimen to ensure contact with the loading
294 system.
295 (3)296 Loading of the specimen into the (actuator) displacement
297 control device until the specimen fractures.
298 (4)299 Cooling of the specimen (with gas flowing until 300 �C).

300The test for obtaining stress-strain curves requires that an
301increasing monotonic load be applied until specimen failure. This
302is performed with a displacement control device (of the actuator)
303since the use of a constant strain rate did not result in stable con-
304trol of the test. Since the compressive stress develop slowly in
305most of the application of oxide-C, the measure of the stress-strain
306behavior have to be done in a similar way if the service condition
307have to be reproduced [9]. To set the displacement rate, stress-
308strain curves in the range 0.02 to 0.3 mm/min were obtained on
309different MgO-C specimens (with pitch and resin binders, in
310duplicate) to select the appropriate conditions, based on informa-
311tion reported in the literature [11]. The range of suitable strain
312rates, indicated by a constance of the tangent Young modulus
313(considering also the experimental error) for small deformations
314(<3� 10�4), was between 6� 10�5 to 3.3� 10�4 mm/mm; these
315values correspond to a displacement rate of 0.1 mm/min. The use
316of this condition in MgO-C materials gave representative and
317comparable results. A similar analysis at 1000 �C confirmed that
318the same rate can be applied in high temperatures tests. The value
319of 0.1 mm/min may require an adjustment with materials with dif-
320ferent properties.
321The last stage of cooling is important because chemical
322changes can still occur in the testing specimens and alter the post-
323testing analysis essential for the study of the deformation and frac-
324ture mechanisms.
325In addition to the stress-strain curve, the test provides addi-
326tional information useful for basic studies of deformation and frac-
327ture mechanisms. As part of the process, changes in weight as
328well as other fracture features, i.e., the number and orientation of
329cracks, the main crack paths (through the matrix, the interface
330with the aggregate or aggregates themselves), etc., are evaluated
331after the mechanical test. When it is possible, other characteristics
332related to material failure during the test, such as the presence or
333absence of noise, are evaluated. Mineralogical analysis by X-ray
334diffraction (XRD), microstructural analysis by optical microscopy,
335and scanning electron spectroscopy with chemical analysis by
336energy dispersive X-ray (SEM/EDS) and density and porosity
337measurement were also performed to study the mechanisms.
338Using the stress-strain curves, the mechanical behavior of
339oxide-C refractory materials (elastic, inelastic, plastic, softening,
340etc.) is analyzed and mechanical parameters such as elasticity
341modulus, mechanical strength, fracture strain, and elastic limit are
342determined. For materials with complex mechanical behavior
343such as oxide-C refractories, current definitions of the parameters
344may be inadequate and others have to be used. Depending on the
345testing methodology used for refractory commercial bricks, maxi-
346mum errors of 6 25% for the elasticity modulus and 6 20% for
347mechanical strength were established.
348It is worth noting that the tests can also be performed using
349loading-unloading cycles that provide additional or complementary
350information to go with that obtained in increasing monotonic load-
351ing tests. In addition to the mechanical behavior of the material,
352these cyclic tests inform about how much of the deviation from lin-
353earity corresponds to a reversible strain and give more accurate val-
354ues of mechanical properties such as the elastic modulus.
355The described methodology may require some variation of the
356experimental conditions if the material to be studied has
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357 characteristics much different from the refractory material used
358 for the adjustment testing (commercial MgO-C bricks).

359 Stress-Strain Curves of Al2O3-MgO-C
360 Refractory Bricks

361 As example of the application of the depicted methodology to
362 oxide-C refractory materiales, some results and a preliminar dis-
363 cussion are presented for commercial AMC refractory bricks
364 [23–28]; the aim of the analysis is mainly orientated to generate
365 basic knowledge about the material behavior. These are heteroge-
366 neous materials made up of a discontinuous phase of alumina and
367 magnesia aggregates submerged in a continuous matrix containing
368 an organic binder (generally a phenolic resin), fine alumina and
369 magnesia grains, graphite flakes, and antioxidant additive particles
370 (metallic or others). Besides their role in inhibiting graphite oxida-
371 tion, the presence of aluminum or silicon, among others, increases
372 the mechanical performance of these bricks at high temperature

373through the formation of new phases such as Al4C3 (or AlN
374depending on the N2/O2 ratio [29]), which is stable between
375700 �C and 1000 �C, and silicon carbide (SiC) and spinel
376(MgO-Al2O3) at higher temperatures [30,31]. This benefit is
377achieved through factors such as: (a) a decrease in porosity due to
378the fact that solid products have higher specific volume and/or they
379crystallize into the pores, and (b) the special morphology of prod-
380ucts such as wiskers or skeletal shapes, and/or (c) a binding effect.

381Materials

382Two types of commercial Al2O3-MgO-C bricks used in steelmak-
383ing ladle linings were tested and labeled as AMC1 and AMC2.
384The reported results of the mechanical evaluation are just for one
385set of specimens. The results of a complete characterization of
386each material performed by several techniques are summarized in
387Table 2. In Fig. 3 are shown images of both refractories by optical
388microscopy. The particles size distribution of tabular alumina
389aggregates was narrower and the mean size was smaller in AMC1
390than in AMC2. Moreover, a larger amount of tabular alumina with
391respect to electrofused grains was presented in AMC1.

392Mechanical Tests

393Experimental Conditions—Cylindrical specimens (27
3946 0.1 mm in diameter and 45 6 1 mm in height) were cut from
395AMC refractory bricks using a diamond drill (1270 rpm) and a di-
396amond cutting tool (2800 rpm) under optimized conditions. The
397flats faces of each cylinder were machined with a diamond wheel
398(70 grit) using a hydraulic oil as coolant/lubricant in order to
399achieve the required plane-parallelism (0.2 mm). Before the me-
400chanical test, the specimens were dried for 24 h in an oven at
401100 �C; the cooling was performed in a desiccator under vacuum.
402The experimental conditions for the mechanical testing of
403AMC refractory bricks were established according to the internal
404protocol [22] and the requirements of the study. Tests were carried
405out at 1260 �C in N2 (flow rate of 5 l/min) using a heating rate of
4065 �C/min up to the testing temperature and a constant (actuator)
407displacement rate of 0.1 mm/min. The dimensional variation in
408the specimen height was measured with the calibrated capacitive
409extensometer (gauge length¼ 25 mm). For comparison, tests at
410room temperature (RT) and at 1260 �C in air were also performed.

TABLE 2—Characterization of as-received refractory bricks.

AMC1 AMC2

mineralogical composition

(XRD; optical microscopy;

SEM/EDS)

aggregates Al2O3 (corundum); tabular

and brown electrofused

- MgO

(periclase);

sintered

matrix C (graphite): flakes

MgO (periclase);

sintered Al

chemical composition

(FRX, ICP)

Al2O3 (wt.%) 84.0 57.9

MgO (wt.%) 5.5 27.0

Fe2O3 (wt.%) 1.6 2.0

Al (wt.%) 1.4 1.4

others (wt.%) 1.9 3.0

carbon content

(TGA)

resin (wt.%) 4.3 5.5

graphite (wt.%) 1.3 3.2

apparent porosity pa (%) 6.7 6 0.07 7.8 6 0.5

(DIN EN 993-1 [Ref. 31])

FIG. 3—Optical microscopy images of as- received AMC refractories (EF: Brown electrofused alumina, AT: Tabular alumina, M: Sintered magnesia, Al: Alumi-
num, G: Graphite).
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411 Results and Discussion—Stress-strain curves at RT and
412 1260 �C (in both air and with the N2 flow) are plotted in Fig. 4 for
413 AMC2 and AMC1. Images of the AMC1 specimens after mechan-
414 ical testing at 1260 �C in air and N2 are shown in Fig. 5; specimens
415 of AMC2 showed a similar aspect. In both refractory materials
416 tested in air at 1260 �C, a discoloration due to the loss of graphite
417 was observed. After the test in nitrogen the discoloration was only
418 superficial showing the effectiveness of the N2 atmosphere in mini-
419 mizing the graphite oxidative processes. The fracture at room and
420 high temperatures propagated mainly through the carboneous ma-
421 trix and the aggregate/matrix interphases in every specimen.
422 Table 3 shows the post-testing characterization data of speci-
423 mens tested at 1260 �C in air and N2; the same methodologies used

424for the as-received materials were employed. In both the refractory
425materials tested in air and nitrogen, the apparent porosity was higher
426than the value of the as-received materials due to the increase in the
427volume of the open pores caused by the transformation of the resin
428(elimination of volatiles, cracking by volume shrinkage [33]) and
429graphite oxidation. Other processes such as the reduction in oxide
430impurities, the spinel and Al4C3 formation and the carbothermal
431reduction of MgO can also be accompanied by the increased
432appearance of porosity [31]. The variation in open porosity was
433lower with nitrogen flow than in air, in agreement with the inhibi-
434tion of resin carbonization [32] and graphite oxidation (Fig. 5) due
435to a lower oxygen partial pressure. Moreover, the final porosity of
436AMC2, with its higher initial porosity and larger amounts of graph-
437ite and resin, was higher than in AMC1 in both atmospheres.
438The mineralogical analysis of the specimens tested at 1260 �C
439in air and N2 indicated the formation of spinel in both refractory
440materials. The spinel DRX peaks were more intense with respect
441to the other components of the refractory materials in air than in
442nitrogen for both materials, in agreement with reported data [24].
443Carbon as graphite was not identified in the specimens tested in
444air, which is consistent with the discoloration observed in such
445testing conditions. No peaks assigned to Al4C3 were identified at
4461260 �C in either one of the atmospheres, due to the transforma-
447tion of this phase into Al2O3 below this temperature. The presence
448of AlN cannot be confirmed because its main diffraction peaks
449overlap with others present in the as-received refractory bricks
450and attributed to impurities in the raw materials. However, a dis-
451tortion of the peaks was observed, especially in AMC1, which
452could be associated with the formation of this new phase. On the
453other hand, a significant reduction in the intensity of the peaks
454assigned to metallic aluminum was observed, indicating that this
455additive reacted to form spinel, Al3C4, Al2O3, and/or AlN.
456At RT, stress-strain curves show a quasi-brittle behavior (devia-
457tion from linearity) along with a moderate softening (characterized
458by the gradual diminution of the load-bearing ability as the test
459progresses), which is more marked in AMC2. The deformation
460mechanisms causing this non-linearity were mentioned above. The
461greater porosity and higher content of graphite and resin in AMC2
462contributed to accentuating this behavior. At 1260 �C in air, the

FIG. 4—Stress-strain curves of AMC refractories.

TABLE 3—Post-testing characterization (1260 �C).

AMC1 AMC2

Atmosphere air N2 air N2

pa (%) 23 15 28 18

main

phases

(XRD)

Al2O3, MgO,

MgAl2O4

Al2O3, MgO, C,

MgAl2O4

Al2O3, MgO,

MgAl2O4

Al2O3, MgO, C,

MgAl2O4

FIG. 5—AMC1 specimens tested at: (a) 1260 �C, air and (b) 1260 �C, N2. Bar:
0.5 cm.
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463 quasi-brittle behavior was notably reduced although a little soften-
464 ing persisted; deformation mechanisms similar to those at RT could
465 also have been at work.
466 In the N2 atmosphere, AMC2 exhibited a notable non-linear
467 response whereas AMC1 behave in an almost completely linear
468 manner. The behavior of AMC2 was mainly attributed to the inci-
469 dence of a viscous-plastic mechanism [10,11] owing the higher
470 amount of sintered magnesia with a higher impurities content
471 (such as Fe2O3 as hematite, silicates, between others), as shown in
472 Table 2. These impurities form low viscosity phases at 1260 �C
473 (silicate based phases with low melting points [34]) that favor the
474 permanent deformation by viscous flow [10].
475 The fracture strength (rR) and fracture strain (eR) were deter-
476 mined from stress-strain curves using the maximum value of stress
477 as the fracture criterion. The Young’s modulus was also estimated
478 as the slope of the linear portion of the stress-strain curves. The
479 values of these mechanical parameters are reported in Table 4. At
480 room temperature, the values of the mechanical parameters for
481 both AMC refractory materials were similar to those reported for
482 similar refractory materials [35]. In every tested condition, E and
483 rR of AMC1 were higher than those of AMC2 which was mainly
484 attributed to the higher amount of Al2O3 (relative to that of MgO)
485 found in AMC1, and the higher mechanical strength and stiffness
486 of the alumina particles, especially those constituting the bonding
487 phase where the fracture propagated (and also considering the
488 intra-aggregate fracture, even as a small contribution). In addition,
489 the higher pore volume and the higher graphite and resin content
490 in AMC2 can help to reduce the value of this mechanical parame-
491 ter with respect to AMC1.
492 At 1260 �C in air, the decrease of rR and E and the increase of
493 the fracture strain were mainly related to the changes that occurred
494 in the carbonaceous components of the bonding phase (resin and
495 graphite) such as the significant increase in the apparent porosity.
496 In this condition, the negative effects produced by the increase in
497 porosity and the presence of low viscous phases (in AMC2) out-
498 balance the positive effect of the formation of new phases. With
499 respect to the values at RT, the mechanical parameters for AMC2
500 measured at 1260 �C in N2 went down. This behavior was attrib-
501 uted to the same factors causing this response in air, but the lower
502 development of the oxidative processes together with the positive
503 contribution of the new phases (namely spinel) led to smaller
504 changes. On the other hand, not only did a recovery of the me-
505 chanical properties in N2 with respect to the test in air at 1260 �C
506 occur in AMC1, the performance also matched that at room tem-
507 perature. Even the mechanical strength was superior at high tem-
508 perature. Considering that the porosity determined after the test
509 was significantly higher than that of as-received material—
510 although smaller than the specimen tested at 1260 �C in air—other

511processes favoring the structural cohesion, such as the formation
512of spinel and AlN must have played a dominant role. The sinter-
513ing of fine particles, the re-crystallization of phases (MgO coming
514from the reoxidation of Mg(g) produced by carbothermal reduc-
515tion) and crack closure could also contribute.
516The experimental fracture strain was the same for AMC1 and
517AMC2 at RT whereas at 1260 �C, AMC2 exhibited a higher eR

518than AMC1 in air and nitrogen. The difference between eR and the
519strain estimated from rR/E ratio correlated with the extent of the
520non-linear behavior exhibited by the refractory materials. The esti-
521mated strain was smaller than the experimental value at RT for
522both materials. At 1260 �C, both values were similar for AMC1
523but a significant difference resulted for AMC2 tested at 1260 �C in
524N2.
525According to these preliminary results, AMC1 seems to have
526superior mechanical performance at room temperature and
5271260 �C. However, it is worthy to note that other properties such
528as the thermal shock resistance and thermal shock damage resist-
529ance are benefitted by lower values of Young’s modulus and me-
530chanical strength, respectively [36]. In order to clarify the
531occurrence of the above mentioned processes and the mechanisms
532operating in AMC2, a SEM/EDX analysis of the specimens tested
533at high temperature is currently in development and will be the
534subject of further publications by the authors, along with new me-
535chanical tests at different temperature conditions. Moreover, it is
536expected that the modeling of the stress-strain curves in a next
537future steps, gives quantitative data about the contribution of the
538main mechanisms of non-linear behavior and also, to the structural
539calculus of the industrial linings where these materials are used.

540Conclusions

541The main aspects of the design and implementation of a methodol-
542ogy for the mechanical evaluation of oxide-C refractory material
543were discussed. This methodology is based on the direct measure-
544ment of dimensional variations in the tested specimen in order to
545obtain stress-strain curves in a controlled atmosphere. This test
546has the advantage of giving much more and complete information
547about the mechanical behavior than the more commonly used
548techniques can. Even when some issues are limited by our experi-
549ence and infrastructure, others have a wide application and serve
550as guidelines for others who plan to develop this type of complex
551testing.
552As an example, the mechanical evaluation of Al2O3-MgO-C
553commercial refractory bricks using this procedure is also
554described. From a basic point of view, conventional parameters
555such as fracture strength and Young’s modulus together with
556others such as the fracture strain were obtained from stress-strain
557curves; in addition with a preliminary discussion about the me-
558chanical behavior and the mechanisms causing the non-linear
559response.
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TABLE 4—Mechanical parameters.

AMC1 AMC2

rR (MPa) eR (%) E (GPa) rR (MPa) eR (%) E (GPa)

air RT 53 0.4 15.0 27 0.4 9.0

1260 �C 17 0.8 2.5 11 1.1 1.2

N2 1260 �C 61 0.4 15.0 19 1.0 4.0
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